A mathematical simulation model for the movement of water and nitrate in the soil profile by Kolonda, Farook
A MATHEMATICAL SIMULATION MODEL FOR THE MOVEMENT OF 




Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Agricultural Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 1974
Urbana, Illinois
ACKNOWLEDGEMENTS
The author wishes to express his sincere gratitude to his 
advisor, Professor Walter Lembke, for his guidance, supervision, and 
encouragement throughout the preparation of this thesis. Thanks are 
also due to Professor Benjamin Jones for advice in the academical 
affairs. To many other friends for their genuine interest and help, 
I express my appreciation.
TABLE OF CONTENTS
LIST OF F I G U R E S .................................................. vi
A. OBJECTIVES.........................................................viii
B. INTRODUCTION ......................................................  1
C. LITERATURE REVIEW ................................................ 3
Mathematical Models for the Flow of Water Through Soil . . .  3
Limitation of Diffusion Equation .............................  8
Infiltration and Redistribution .............................  9
Evapotranspiration . . .  ......................................  10
Previous Water Balance Models ................................ 15
Simulation Models .............................................  16
Mathematical Models for the Movement of Nitrate
Through S o i l ...............................................  21
Conceptual Models for the Simultaneous Flow of Water
and Nitrate Through S o i l ........................... 24
Nutrient Uptake by C o m  P l a n t ................................ 25
D. THEORETICAL BACKGROUND AND FORMULATION OF MODEL .............. 27
Movement of Water Through Soil Profile ....................... 28
Pore Space Distribution ......................................  31
Infiltration ....................................................  31
Outflow of Water from a Layer During Infiltration .........  33
Evapotranspiration .............................................  34
Evapotranspiration Losses of Water from Layer j
for a Given Day i, ET........................................ 37
Redistribution of Soil Moisture .............................  40
Downward Redistribution of Soil Moisture ....................  41
Upward Redistribution of Soil Moisture ....................... 42
Movement of Nitrate Through Soil .............................  45
Outflow of Nitrate from a Layer During Infiltration . . . .  46
Plant Uptake of Nitrate from a Given L a y e r ..................  47
Outflow of Nitrate During Soil Moisture Redistribution . . .  48 
Outflow of Nitrate During Downward Redistribution of
Soil M o i s t u r e ...............................................  50
Outflow of Nitrate During Upward Redistribution of
Soil M o i s t u r e...............................................  51
E. ASSUMPTIONS IN THE M O D E L ......................................... 53
F. RESULTS AND DISCUSSION...........................................  55




H. REFERENCES........................................................  7 7
APPENDIX I: NOTATION ...............................................  82
APPENDIX II: COMPUTER PROGRAMS ....................................  85
Program Listing ...............................................  9 3
LIST OF FIGURES
1. Moisture extraction pattern for c o r n ........................... 26
2. The ratio of evapotranspiration to open pan evaporation
during the growing season of c o r n ........................... 35
3. Consumptive use coefficient versus time for c o m ..............36
4. Accumulation of N by corn (from Hanway, 1 9 6 2 . ) ................  49
5. Profiles of nitrate and water distributions in the soil
profile at the end of 49 days for 18.4 inches of
cumulative surface water input .............................  56
6 . Rainfall and irrigation application as a function of time . . 57
7. Daily plant uptake of water and nitrate as a function
of t i m e .........................................................58
8 . Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case A ) ......... 65
8 a. Daily leaching losses of water and nitrate to the drain
as a function of time (Case A ) ............. ............... 6 6
8b. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods (Case A) .........  67
9. Nitrate distributions observed by Wetselaar (1962),
thick lines, and the theoretical distributions of 
Gardner (1965), thin lines, for different amounts 
of cumulative surface water inputs (Case A) ................ 6 8
10. Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case B) .........  69
10a. Daily leaching losses of water and nitrate to the drain
as a function of time (Case B) ............................. 70
11. Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case B) .........  71
Figure Page
12. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods (Csae C) .........  72
vii
13. Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case C) .........  73
14. Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case D ) ......... 74
15. Distributions of water and nitrate in the soil profile
for different amounts of surface water application
at the end of certain given time periods (Case D ) ......... 75




To devolop a computer based mathematical mass balance model 
capable of simulating the movement of water and nitrate in the soil 
profile using readily available and easily measurable field and experi­
mental data such as rainfall, pan evaporation, infiltration rate, 
porosity, soil moisture content, depth of rootzone, etc.
To utilize the model for predicting;
1. The rate of leaching of initially surface applied 
nitrate by rainfall and irrigation under both cropping and field 
fallow conditions.
2. Movement and redistribution of water and nitrate 
initially distributed uniformly in a soil profile under simulated 
drought conditions.
3. Leaching of periodically applied nitrate in a cropped 
field soil with rainfall and irrigation.
1B. INTRODUCTION
Many investigators have studied and observed the relation­
ship between the movement of soil moisture and nitrate as well as 
other soluble salts. Nitrate is the form of nitrogen that is of great­
est concern from the standpoint of leaching losses and movement into 
water supplies. The magnitude of nitrate leaching is difficult to 
estimate and will depend upon a number of variables such as:
Quantity of nitrate,
Amount and time of rainfall and irrigation, 
Infiltration and percolation rates,
Texture and water holding capacity of the soil, 
Evapotranspiration,
Presence of growing plants.
Leaching is generally greatest during the cool season when 
precipitation exceeds evapotranspiration. Downward movement in summer 
is restricted to periods of heavy rainfall. Losses of nitrate from 
soil can also result from:
1. Immobilization by microorganisms, which is conversion 
of nitrates to humus form. The opposing process of immobilization is 
mineralization. The balance of these two processes is determined to a 
large extent by the activity of soil microflora and the C/N ratio of 
decomposing residues.
2. Denitrification or microbial assimilation. During this 
process nitrates are converted into gaseous nitrogen compounds such as 
nitrous oxide and nitrogen.
23. Erosion.
Although some knowledge of the general outline of the 
problem of nitrate in drainage water has been gained, much more is 
still needed in the following areas:
1. Timing fertilizer application to decrease the hazard 
of contaminating the water supplies with nitrate.
2. The rate at which nitrate moves through the soil profile.
A great deal of information is available on management tech­
niques for maximizing crop production with the objective of reducing 
nutrient contamination of natural water. These are mostly based upon 
experimental data from laboratory and lysimeter studies. The present 
study of the movement and distribution of nitrate in field soils in 
relation to rainfall and soil moisture movement was an effort to under­
stand some of the underlying principles involved in the movement of 
water and nitrate in the soil profile.
3C. LITERATURE REVIEW
Mathematical Models for the Flow of Water Through Soil
Darcy’s Law and the Equation of Continuity form the 
mathematical model most generally used for describing the movement 
of unsaturated soil water. This model written for flow in the verti­
cal direction is:
where 0 is the soil water content by volume, t the time, z the distance, 
k the capillary conductivity, and H the hydraulic head (sum of pressure 
or tension head, h, and gravity head g). Equation 1 can be written in 
terms of pressure or tension head, h, as:
The solution of equation 2 for soil-water movement subject 
to specific boundary conditions was facilitated by the introduction of 
the diffusivity term, D, by Childs and Collis-George:
Use of equation 3 yields:
JL rt M i
at 8 z LK 8 z (1)
(4)
non-linear partial differential equations of
parabolic nature and they can be solved for moisture content 0 , at 
depth z and time t, given the soil moisture tension h(0 ), conductivity 
k(0), and diffusivity D(0) for the particular soil, and the relevant 
initial and boundary conditions. Since soil water movement is further 
complicated by hysteresis in h(0), and D(0), (Hysteresis in K can be 
neglected according to the following authors 1 6 we require a 
water content-suction relationship for both wetting and drying curves as 
well as the scanning curves between the wetting and drying water content 
relation. To avoid the problem of hysteresis in h(0) and D(0) we usually 
consider either a wetting soil or a drying soil so that we can assume h 
and D are unique functions of 0.
A general solution of these equations is difficult because the 
interrelationship between 0, h, and D must be known for all the limiting 
conditions. These relationships are usually very involved and the 
measurement of these quantities is very difficult and is influenced by many 
factors difficult to control. However, some attempts have been made at the 
solutions. Philip k7 described a numerical solution for vertical infiltra­
tion for a homogeneous soil with a uniform initial moisture content. Hanks 
and Bowers 2 4 described a numerical method, which places no restrictions on 
the initial water content and diffusivity-water content relation, to solve 
the equation for vertical infiltration into layered soils. Rubin 5 5 has 
given a numerical method for analyzing quantitatively the hysteresis- 
affected, post-infiltration redistribution of soil moisture which involves 
simultaneous wetting and drying. Thus methods are available to solve the 
flow equation for almost any problem where it applies. Solutions can be 
obtained by analytical, analog or numerical methods, but analytical
5solutions are scarce and the main reason for this is the lack of 
knowledge on how to incorporate into the required mathematical treatment 
the effect of hysteresis in soil moisture characteristics.
equation is transformed into an ordinary differential equation by 
Laplace’s transform and Boltzmann’s transformation or by separation of 
variables, and solved subjected to initial and boundary conditions. 
Solution to the original partial differential equation is obtained from 
the transformed equation by using the inverse transform.
non-linear partial differential equation expressed with z as a dependent 
variable for vertical infiltration into a homogeneous soil. With D and K 
assumed constant, he used a Boltzmann transformation on the z-based 
equation and solved for the depth of wetting, z, as:
In the analytical approach the given partial differential
Philip4 7 used an iterative procedure for solving the above
_ JL  rD!5_i dk 
dt ~ 80 LUazJ " d0 (5)
l /
Using Boltzmann's transformation (f)(0) = z t~ , and the given 
initial and boundary conditions:
t = 0 , z > 0 , 0 = 0
o







z = <|)t1 / 2  + Xt + i^ t3 / 2  ♦ ........fm (e)tm / 2  (7 )
where 0 , x> .....  are functions of moisture content and are,
approximate residual solutions, obtained by considering the residual 
after each term in the series. Philip gave an iterative procedure of 
obtaining <J>, x >  •••• as functions of 0 , and the moisture profile at 
any time can then be computed using equation 7.
It should be noted that using a Boltzmann Transformation in­
troduces some limitations such as: initial moisture content of the soil 
profile must be uniform and the soil column must be of finite depth.
Philip’s series equation is not valid for large values of t, i.e. when 
t °°, the series diverges. Parlange1*1* derived an accurate and analytical 
representation for the solution of equation 5 valid for all t values.
In the analog method the prototype flow through the porous 
medium is replaced by a scale model, or by a completely different physical 
system which obeys some differential equation for similar boundary and in­
itial conditions. However, it is extremely difficult and time consuming 
to change the configuration of a proposed prototype. An alternative to the 
scale model is the electrical analogue subjected to corresponding boundary 
conditions, where there is a formal mathematical analogy between the 
potential field of percolation in a linear flow and the electric field of 
direct currents. The most versatile electrical method is the resistance 
technique to solve the finite difference form of the differential equation.
2 5
Hanks and Bowers developed an electrical simulator which could approximate 
the solution of the differential equation for horizontal flows. Herbert2 9
7used a resistance network to study transient flow problems and the results 
compare favorably with known analytical solutions. Such analogs, however, 
are expensive to construct and accurate measurements are difficult. In 
addition, poor adaptability make it difficult to change the model corre­
sponding to an optimization in design.
Numerical methods for solving non-linear partial differential 
equations are rapidly gaining importance, especially with the advent of 
economic high speed digital computers. The numerical methods have almost 
exclusively used a direct finite difference approach in the solution of the 
governing differential equation. In this approach, the system is divided 
into a network of elements and a finite difference equation for the flow 
into and out of each element is developed. The resulting set of equations 
are solved using a computer.
Finite difference algorithms are partly unsatisfactory, due to 
the formation of oscillations, i.e., the computed values tend to oscillate 
about the true moisture distribution curve, and the numerical diffusion
which is due to the selective damping of the high frequency harmonics.
6 2
Occurance of such errors have been demonstrated by Stone and Brian,
if 5
Peaceman and Rachford, etc. Remedial solutions have been proposed to
5 59
minimize such errors by Roberts and Weiss, Shamir and Harleman.
Another alternative approach to finite differences is that of 
finite elements. This method has proved to be extremely versatile, and 
completely general enough to solve almost any practical flow problems.
7 1 , 2 1 >  31
References illustrate the application of finite elements method to
some field flow problems.
8Limitations of Diffusion Equation
Experimental results of Neilsen et al.,1+1 Rawlins and Gardner51 
and others show poor agreement between experimental data and that cal­
culated from equations 1, 2, and 4 for unsaturated water flow. The 
reasons for such discrepancies can be attributed to:
(1) Hysteresis Effect
Redistribution of moisture following infiltration is complica­
ted by hysteresis in soil moisture tension, conductivity, and diffusivity. 
Magnitude of hysteresis is difficult to assess due to the difficulty in­
volved in determining accurately the detailed informations, such as the 
hydraulic conductivity-soil water pressure functions, water content-pressure 
relations (soil water characteristics) and the family of scanning curves 
(which depend upon the initial water content from which soil is wetted 
or dried) necessary for solving the diffusion equation. Ideally, such 
measurements for both wetting and drying should be made on soil of fixed 
bulk density and particle size distribution and they should cover a wide 
range of moisture content from wilting point to saturation. Further, D 
is a function of moisture content, moisture gradient, 80/8z, soil texture 
(pore size distribution), etc.
(2) Validity of Darcy's Law
Darcy's law is written as v = -K • i, where K is the capillary 
conductivity, and i is the hydraulic gradient. When K is not equal to zero 
if we apply a small gradient to water in unsaturated soil and if the water 
does not move or if the velocity is not a straight-line function of the 
hydraulic gradient Darcy's law does not apply. The fact that movement of 
water in the soil under unsaturated condition is not continuous, and water
9moves by jumps as the threshold gradient develops, indicates that the 
Darcy's law is not valid for such flows. Various authors 3 7 , 6 3 ,1+2 report 
deviations from Darcy's Law. The deviations appear to be associated with 
surface active materials such as clays and can be attributed to non-New- 
tonian liquid behaviour caused by clay-water interactions and electro- 
viscous effects. Swartzendruber6 3 modified Darcy's Law and examined a 
diffusion type equation from the standpoint of a non-Darcy behavior of 
water in unsaturated soils and tight clays. He expressed the velocity, v, 
as:
v = B[i - J(1 - e"Cl)] (10)
where i is the hydraulic gradient, B, J, and C are positive constants, 
depending only on the moisture content for unsaturated conditions. He 
concluded after comparing the experimental and theoretical data that D 
is a function of moisture gradient as well as moisture content.
Infiltration and Redistribution
The differential equations 1, 2, 4, and 5 describing the un­
saturated flow are used for solving many specific flow problems such as 
infiltration, redistribution, evapotranspiration, etc. In each case the 
governing flow equation is solved for moisture content at depth z and time 
t, given the soil moisture characteristics and the diffusivity-moisture 
content relation for the particular soil and the relevant initial boundary 
conditions. Since soil moisture characteristics and diffusivity exhibit 
hysteresis, we need, besides the main wetting and drying branches of the 
hysteresis loop, a family of scanning curves which depend on the initial 
water content from which the soil is wetted or dried. For the experimental
1
10
determination of moisture content versus diffusivity and conductivity 
data for wetting, drying, and drying scanning curves see Staple,61 Bresler 
et al. y etc.
Hysteresis in diffusivity and soil moisture characteristics can 
be ignored for flow problems involving only infiltration (wetting) or only 
evaporation (drying) if during these processes redistribution of moisture 
did not occur anywhere in the soil profile. But infiltration and redist­
ribution processes and the post-infiltration redistribution process (which 
involves simultaneous wetting and drying) should incorporate the effect of 
hysteresis. Solving the flow problems which involve only wetting or only 
drying are much simpler and they have been analyzed quantitatively in a 
considerable number of studies 31+8 * 3 * 18 ** * 70 while there are also a 
number of investigators who have studied hysteresis involved flow problems 
by using numerical methods. Because of mere repetition and space 
considerations we will not analyze the contents of the reference literature 
mentioned above.
Evapotranspirati on
Evapotranspiration includes the sums of volumes of water used in 
evaporation from the soil and transpiration from plants. With transpiration, 
a continuous flow of water occurs from the soil moisture reservoir through 
the soil and roots of the plants to the leaves where it is transformed 
by solar energy to water yapor. This movement takes place due to the
potential gradient (negative pressure) within the soil and gradient of 
diffusion pressure within the plants. Many factors influence the amount of 
water consumed by plants, some effect involves the human factor, others are
11
related to the natural influence of the environment and to the growth 
characteristics of plants. Some important factors that need to be 
considered in developing a complete formula for evapotranspiration are:
1. Climatic variables (radiation, air temperature, humidity, 
wind movement, precipitation, sunlight, etc.)
2. Physical variables (latitude and longitude, elevation, 
geology, etc.)
3. Soil variables (soil type, permeability, compaction, 
composition, transmissibility, homogenuity, etc.)
4. Hydrologic variables (surface and ground water conditions)
5. Crop variables (crop type, crop-cover, length of growing 
season, rooting characteristics, cropping practices, irrigation and 
fertilizer application practices, etc.)
Such complete data are not available and gathering them is time-consuming 
and expensive. For many areas only a few or no data, except limited 
climatological measurements, are available.
Several methods are available for determining consumptive use 
(evapotranspiration), and they are based upon the type of data available, 
source of water used (irrigation only, rainfall only, rainfall plus ir­
rigation, etc.) and the type of study involved (irrigation, water supply, 
drainage, etc.). All methods, however, may fall into three general cate­
gories; Theoretical approaches based on the physics of the evapotrans­
piration process, 1 7 > 1+9 analytical approaches based on the balance of energy 
or water amounts, 6 5 * 6 6 and empirical approaches based on the regional re­
lation between the measured evapotranspiration and the climatic condition. 
The lack of basic data and difficulties in measurement required in the
12
field methods have accounted for the development of many empirical methods 
based only on readily available climatic data. Some of the most important 
empirical methods are by Blaney-Criddle, 5 Hargreaves, 2 8 Thomthwaite , 66  
Penman, 1* 6 Munson , 39 Christiansen et dl. 11 Halkais et al. 2 3  Jensen and 
Haise, 32 etc. These methods, with the exception of that of Penman's, deal 
with only mean monthly or seasonal consumptive use values which may be use­
ful in the planning and operation of water resources development projects.
In our model, only average daily evapotranspiration values are needed.
Penman's method is based on the most complete theoretical approach 
that evaporation from free water surface is inseparably connected to the 
amount of radiation energy gained by the surface. Evapotranspiration from 
the free water surface, estimated by an equation that depends on the 
measurable meteorological elements, is correlated with evapotranspiration 
of a given crop (grass). Basic meteorological data needed in Penman's 
equation are: (a) duration of bright sunshine or net radiation, (b) air 
temperature, (c) air humidity, and (d) wind speed. Daily evapotranspira­
tion values for a given crop can be calculated by multiplying the estimated 
daily free water evaporation by an empirical factor. However data on the 
four meteorological parameters mentioned above are not always available 
throughout the state, and extrapolation from one or two locations to other 
centers could lead to serious errors in estimating evapotranspiration. To 
overcome this difficulty Denmead and Shaw , 13 used commonly available 
Class A Weather Bureau Standard Evaporation Pan data instead of computed 
free water surface evaporation data from meteorological elements, in their 
experimental study. They developed ratios of evapotranspiration from corn 
to open pan evaporation through the growing season, and these are given in
13
Figure 2. Both Penman’s and Denmead and Shaw's methods are based on 
certain conditions as, (a) the crop must be never short of water and 
must be of uniform height, (b) the crop must also be a green crop, ac­
tively growing and completely shading the ground. The consumptive use 
coefficient, k, is defined as the ratio of evapotranspiration, E^, to 
open pan evaporation, E^, or k = E^/E . Also Shannin et al.SQ plotted 
k-values given in Table 3 of Hargreaves, 2 8 against corresponding values
of percentage of growing season for each of the crops listed, and found
/
that the smooth best fit curves that approximate these data can be 
represented by:
in which a, b, c, and d are crop constants and n is the fraction of the 
time interval at which k is calculated for the entire length of the 
growing season. For c o m  crop a = 0.60, b = 0.35, c = 0, and d = 0.60. 
Thus for c o m  equation 11 becomes:
Shannin et aZ .60 computed k-values, measured from pan evaporation and 
evapotranspiration data for corn, cotton, and citrus, and compared them 
with those presented by Hargreaves and found considerable disagreement. 
They concluded that in transposing any published data on k-values to areas 
other than those from where they have been derived, considerable caution 
must be exercised. Figure 3 shows three plots of k versus time in per­
centage of growing season, for the c o m  crop. One representing the 
experimental data of Denmead and Shaw, the second, that of Shannin et al. 3
k = a - b costt (— (11)
k = 0.60 - 0.35 costt (q-^ qO (12)
14
and the third, representing Hargreaves data approximated by equation 11.
A major problem encountered in the mathematical solution of 
post infiltration redistribution of soil moisture in a soil containing 
plant roots, is how to account for the moisture removed by evapotrans­
piration. The most useful method to date appears to be through the use 
of a general sink term in the soil moisture flow equation
90 _ 8 /-nro-*3 0  9k(e) r . 36,
8 t 8 z ( ^ d z  8 z s(-z' * * dz^ ^
in which 0 is volumetric moisture content, t is time, z is depth, D(0) 
is soil water diffusivity, k(0 ) is conductivity, and s(z, t, 0 , ^-) is 
the rate of moisture absorption by the roots per unit volume of soil. 
Equation 13 is based on the concept of a continuous root distribution,
and it can be solved numerically subjected to given initial and boundary
80
conditions after s(z, t, 0 , 7^) is : 
one suggested by Molz and Remson : 38
represented by a function, such as the
s(z, t, 0) = T [— P-le).R(z,t) ] (14)
f D(6 )R(z,t)dz
where,
T = volumetric evapotranspiration rate per unit soil surface area 
v = depth to bottom of root zone 
R(z,t) = effective root distribution
15
Previous Water Balance Models
There are many conceptual models available for the study of 
flow through porous media. A few of these models that are based on the 
concept of mass-balance, are reviewed here. Previous water balance models 
were primarily concerned with the study of evaporation or evapotranspiration 
in field soils, and certain basic concepts used in these methods can be 
applied to the study of movement of water in the soil. Wiser and 
Schilfgaarde6 9 presented a method, based on water balance, to predict the 
frequency of irrigation and the amount of irrigation water required.
A general water balance equation can be represented by:
SMC. Ah, = SMC. + I - ET - 0 -
t+At t t t t t (15)
where SMC A and SMC are the soil moisture content at the end of 
t+At t
[t + At] and t respectively, t is time, 1^ is the average inflow rate 
during the time interval, At, which include both precipitation and 
irrigation, ET^ is average evapotranspiration rate during At, 0 is 
outflow rate, and S^ corresponds to rate of addition or subtraction due 
to a source or a sink term.
In Wiser et at, model any inflow that is larger than that 
required to raise the soil moisture to field capacity moisture content 
was considered excess and not included in their model. Also no sink or 
source term is included. Other assumptions in the model are: (1) pre­
cipitation moved down into lower soil zones only when the zone immediately 
above was at field capacity. (2) Uniform water depletion pattern for 
evapotranspiration, confined to wettest (top) layer. Daily evapotranspira­
tion ET^ was obtained using potential evapotranspiration PE^ computed by
Thornthwaite’s method, by correcting it for soil moisture content using 
the relation:
ETt = PEt [SMCt/MSC] (16)
where SMC^ is the soil moisture content of the upper most layer at 
beginning of the time, t, and MSC is the total moisture storage capacity 
of this layer.
35
Ligon et at. used a model very similar to that of Wiser et al«3 
and the two models differed only in the basic assumptions. Ligon et at. 
assumed constant soil moisture storage capacity with no variation in root 
depth during the season indicating that the model is more applicable to 
perennial vegetation. They also assumed that evapotranspiration is con­
fined mainly to the upper layer when sufficient water was available, but 
when the upper layer was dry evapotranspiration took place from lower 
layers at a rate proportional to the available soil moisture content re­
maining. On days when there was measurable precipitation to compensate 
for the higher humidities, evapotranspiration was reduced by a factor of 
one half. Runoff and deep percolation losses were considered as excess.
There are several other mass-balance models which are basi­
cally similar to the ones described above, but these models will not be 
reviewed here because of time and space considerations.
Simulation Models
The two simulation models reviewed here are of special interest 
from the point of view of: (1 ) the methodology and theoretical approaches 
involved in the modeling aspects of the respective problems in each of
16
17
these studies, and (2 ) utilization of this information along with some 
of the basic concepts presented in my thesis and in formulating a model 
in the future for the study of nutrient contamination of surface water 
supply from agricultural watersheds.
balance model to simulate the surface runoff hydrology of small water­
sheds to be modeled into a grid of small, independent elements. The 
composite runoff hydrograph from the entire watershed was determined by 
delineating the various hydrologic processes occurring within each 
element and applying the equation of continuity to integrate the res­
ponses from each individual element. Predicted and observed surface 
runoff hydrographs, for two small study watersheds, compared very well.
projection of applied research in water resources system simulation and 
optimization and have developed a generalized computer oriented planning 
system that can be used in the detailed planning, design, and management 
of a water resources system that involves many reservoirs, canals and 
pumping facilities spanning the state of Texas. 6 4 The simulation model for 
the system is based upon mass balances approach. A mass balance equation 
written for the jth reservoir of a system for time period k is
Huggins and Monke 30 developed a generalized mathematical mass
The Texas Water Development Board has embarked upon a long range
m
(17)
j = 1 ,... ,n
where
18
A,. = +1 if flow in link i enters node j 
-1 if flow in link i leaves node j
0 if link i is not connected to node j 
(where link is defined as a canal reach or a 
river reach and node as surface water reservoir 
or a non-storage junction)
Qik = Flow in link i during time period k in or out 
of node j
S. , , = Storage contents of reservoir j at the end of time 
j,k+l
period k
5., = Storage contents of reservoir j at the beginning
of time period k 
At = Length of time period
= Local demand from reservoir j in time period k 
= Evaporation losses from reservoir j during time 
period k
Ujk = The unregulated inflow into the reservoir j in time 
period k
1., = Quantity imported directly into reservoir j during 
Jk
time period k 
L = Number of time periods 
m,n = Number of links and nodes respectively
The set of equations for n reservoirs and L time periods must 
then be solved to provide the desired description in space and time of 
systems behavior.





can be represented in matrix notation as
AQ = B (19)
where
A = a n by L matrix 
Q = a vector of flow variables, and
b = a vector of known quantities representing the parameters 
in the right side of equation 
The only unknown in the equation is Q. If n = L then the solution for 
one time period k can be given by
in their model. If A is not symmetric, i.e. number of flow variables tend 
to be greater than the number of equations, then solution to the problem is 
achieved by employing a formal optimization procedure and a suitable 
objective function (Program SIM-II). For the optimization routine, the 
Out-of-Kilter Algorithm is used to find that set of link flows that 
minimizes the energy cost for pumping throughout the system.
(20)
where A 1 is the inverse of the A matrix. Computer program SIM-I does this
Mathematically, the SIM-II problem can be stated for a single
time period, k, as
m






Li k l Q i k i uik ; 1 c2J)
where
Cik = unit cost pumping in link i during time period k 
= lower limit of flow in link i during time period k 
^ik = uPPer flow in link i during time period k
The actual problem however is not so simple as presented above 
but it involves the use of eight interrelated computer programs (four 
data management programs and four simulation / optimization programs) for 
its solution. The research is documented in nine seperate volumes and 
it is redundant to go into the discussion of various system design 
variables, restraints, and other features of the model at this juncture.
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Mathematical Models for Movement of Nitrate through Soil
Movement of nitrate through the soil profile can be represented 
by the z-component of the equation of continuity, when an apparent diffusion 
and convection term is assumed, as:
I T 1  " k  tQDsW> - ^  - f t  <R9c> (24)
where,
0  = volumetric moisture content 
c = concentration of soil solution 
t = time
Dg = apparent diffusion coefficient, which represent both 
molecular diffusion and dispersion of solute stemming 
from the pore water velocity distribution 
z = depth measured positively downwards 
v = volumetric flux of water given by Darcy's Law, 
v = -k(0 ) 3(h-z)/9z in which, k( 0 ) is unsaturated 
hydraulic conductivity expressed as a function 
of moisture content and h is the pressure head 
S(z,t,0)= a sink term that would account for the amount of 
nitrate depleted by plants
•5— (R0c) = a term for the adsorption of nitrate per unit volume 
ot
of soil, in which, R is the ratio of the number of ions 
in the adsorbed phase to the number of ions in the 
solution phase, per unit volume of soil
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The above equation is a linear, nonsymmetrical, partial differential
equation of the parabolic type. It is linear because D is constant in
time and space but is a function of average flow velocity v. The
nonsymmetry arises from the so called convection term [9(vc)/8z], which
has been the principal source of difficulty in numerical solutions of
problems of this type. Various finite difference algorithms have been
proposed for the solution of equation 24 or its simpler derivatives. It
is well known that many of the schemes are partially unsatisfactory due
to the formation of oscillations and 'numerical dispersion' within the
solutions. The occurrence of such errors has been demonstrated by Stone 
6 2
and Brian by examining a Fourier series solution to this equation.
Oscillation errors were shown to occur due to the inability of the finite
difference analog to convert individual harmonics at true flow velocity.
Numerical dispersion results due to dominating convective term [v(3c/8z)]
in the equation. It is possible to minimize the schematic errors of the
type discussed either by the inclusion of higher order terms in the
difference analogue or by transforming this equation in Cartesian coordinate
form to a new orthogonal coordinate system of equipotential, (j), and
streamlines, \{j, and solve the new equation using weighting coefficients
6 2
m  small time steps. However the increased computation difficulties 
and the time required to achieve a given accuracy emphasize the need for
5 0 2 2
other methods of solutions. Price et al. and Guyman et al. solved a 
similar diffusion-convection equation with sink and source terms included, 
by variational methods. Price et al. used Galerkin techniques and Guyman 
et al. used the finite element method based on variational principle. They 
discuss the limitations of numerical solutions and show how superior the
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variational method is over the finite differences method. There are
solutions available to the simplified forms of equation 24 and a review
of some of these solutions is given by Bigger and Neilsen.1*
In many of the works an equation is derived similar to this equation for
dispersion in homogeneous, isotropic porous media without the sink and
adsorption terms. For the most part they used constant flow velocities
and constant dispersion coefficient, Ds> A notable exception is the work
8
of Bresler and Hanks who describe a numerical technique for simultaneous 
flow of water and salt in unsaturated soils and allow for time dependent 
velocities, they neglect the effect of dispersion, however. When the sink 
and adsorption terms are omitted, and Ds is assumed constant, equation 24 
can be reduced to:
- D ii£ . (1 . !k 36-, 3c 
3t s 3z2 6 0 3z 9z
using the basic water flow equation for the z-direction,
96 _ 9v 
8 t 9z
(26)
Equation 26 can be solved for v(z,t) with respect to given initial and 
boundary conditions, and then v is substituted in equation 25 and solved 
for c(z,t).
Any model is an approximation to the physical system. The 
utility of a given model is determined by the accuracy of prediction with 
the model, and the accuracy needed depends upon the type of problem 
involved and its socio-economical significance. Even the results of most 
sophisticated approaches depend on the basic data used, and acquiring
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very accurate data is expensive and time consuming. A sophisticated 
mathematical treatment of the problem of flow of solute and water through 
the soil is unnecessary in many practical applications from the point of 
view of transferability and utility of the model to other locations where 
such quality data may not be available. Calibration of the model with 
unrepresentative data results in inaccurately derived parameter values. 
There are many simpler methods that are applicable to this type of 
problem, and they are elementary in concept. They utilize readily 
available or easily measureable data. Methods that are being reviewed 
here are based on the concept of mass (salt) balance.
Conceptual Models for Simultaneous Flow of 
Water and Nitrate Through Soil
5 8
Shalhevet and Reiniger used the immiscible displacement
concept in their model, and according to this concept the wetting front
of an irrigation will drive all of the soluble salts present in the
original soil solution in a manner analogous to a impermeable piston.
Thus no mixing is assumed to occur between the influent and soil solution.
Using this approach one could calculate the distribution of salt in a soil 
profile after a series of irrigations. However, the assumption of 
immiscible displacement led to overestimation of the efficiency of salt 
transport by soil water.
A method for predicting the solute composition of the effluent
from an irrigated soil column was formulated by Dutt15. He postulated 
that a column of soil could be divided into hypothetical sections and
that the soil solution will reach chemical equilibrium with each section
as it flows downwards. The movement of soluble salts, solution and
25
precipitation of gypsum, and exchange between soluble and adsorbed 
cations in an initially air-dry soil were considered in Dutt’s model.
Bresler7 devoloped a model for tracing the salt distribution 
in soils undergoing irrigation. The model was based on the premise that 
the net increment of salt in a section of the soil profile is equal to 
the amount of salt added by the influent water minus the amount leached 
out in the drainage water. The salt concentration of the drainage water 
was assumed to be equal to the arithmetic mean of pre- and post­
irrigation salt concentrations in the draining soil section. The model 
yielded good approximations of the chloride distribution in the soils of 
some irrigated fields.
Nutrient Uptake by Corn Plants
Uptake of nutrients by plants depends on the nutrient supply 
and factors affecting their availability. Hanway, 2 7  and Jordan et al. 3 3  
provide a comparison of the effect of different fertility levels (based 
on past cropping and fertilization practices) on the growth, development, 
and nutrient accumulation in corn plants. Figure 4 (page 49) taken 
from Hanway shows the accumulation of nitrate-N in corn plants during 
the growing season for one level of soil fertility.* A review 
of various theoretical models which encompass the available knowledge 
of soil chemistry and the physical processes of diffusion and 
convection in the study of the movement of nutrients to plant
* Cropping systems and fertility treatment: corn - corn - oats - meadow
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roots, has been presented by Olson and Kemper. hi






















Figure 1. Moisture extraction pattern for corn
meadow rotation with fertility treatment of 1 0  tons/acre of manure 
applied every 5th year; 120 lb. of lime and phosphorus each applied 
to corn and oats on 0 -2 0 -0 /acre basis.
predominant soil type: Clarion loam.
Experiment was conducted at the Agronomy farm in Ames, Iowa, in 1959
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D. THEORETICAL BACKGROUND AND FORMULATION OF MODEL
Movement of nitrates in the soil will occur by diffusion, i.e. 
net movement of nutrients by thermal motion resulting from existence of a 
concentration gradient, and by convection, i.e. conveyance of nutrient as 
a result of motion of the solution in which the nutrient resides. There 
are also other mechanisms such as ion exchange, flow induced anisotropy, 
and anion exclusion which contribute to the complexity of solute movement. 
However, for many practical purposes, especially for studies which involve 
a highly mobile ion such as nitrate, solute movement with convection is 
the predominant factor affecting salt flow in unsaturated soils. Thus 
the solution of such a problem requires the simultaneous solution of two 
equations; the equation of groundwater flow and the equation governing 
the transport of dissolved salts. In this study a computer oriented simu­
lation model is developed to predict the distribution of nitrates in the 
soil with response to varied wetting and drying conditions.
Because of the coupled manner by which the solute moves along 
with the soil solution, any nitrate distribution model developed to simu­
late the flow in a given physical system should have a valid water flow 
model. A model thus developed for the flow of water in the soil must be 
adequate enough to account for many of the processes occurring under field 
conditions and it also must be simple enough to use only readily available 
or easily measurable data such as average daily rainfall, irrigation, pan 
evaporation, etc. as input data. In the development of such a water flow 
model all these criteria are taken into consideration and in addition the 
soil profile is conceived to have two state moisture regimes. Simulated 
infiltration of rainfall or irrigation produces or maintains the condition
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for nearly saturated state. Moisture in the saturated state is depleted 
by evapotranspiration and moisture redistribution processes.
Movement of Water Through Soil Profile
A fundamental limitation of most mathematical models that have 
been proposed and used to predict the movement of water in soil profiles 
is their dependence upon the concept of a "lumped" system and they cannot 
describe adequately the dynamics of the flow processes at every point with­
in the soil profile. Subdividing the soil profile into a finite number of 
small elements and treating the flow phenomenon within each element as in­
dependent mathematical functions of the pertinent soil profile help in 
solving some of the most complicated flow problems. The number of sub­
divisions should be large enough for the discrete model to be a reasonable 
representation of the continuous system.
In the design of the model the soil profile is conceived to have 
been divided into a finite number of hypothetical storage elements arranged 
i-ft 5 cries one above the other in such a way that the outflow from one 
element serves as inflow to the element below it. Each such element or layer 
is analogous to a surface reservoir in that the rate of drainage outflow 
from a layer is proportional to the amount of soil moisture above field 
capacity in that layer. Flow through each layer can be routed by combining 
the linear reservoir concept and various component relationships that are 
outlined below with the equation of continuity. A mass-balance or con­
tinuity equation can be written in the finite difference form as,
AS. .
I. . - 0. . = (27)




I = Average inflow rate in the ith time period
0 = Average outflow rate in the ith time period
AS = Change in storage which occurs within certain time increment,
At.
i,3
i,j = Subscripts which refer to time and layer number
Outflow rate, 0, includes evapotranspiration rate, ET. .,
i , 3
drainage rate, D. ., and the rate of losses due to other factors, L. ..
i,3 i,3
0. . = D. . + ET. . + L. . (28)
1 , 3  i , 3  i , 3  1 , 1
Suppose the time increment, At^ . in equation 27 is constant for 
all i and j and is equal to unity (One day), and also if the storage
component, AS^ is written as,
Where,
S^  ^ . = Initial storage at the start of the day i 
S^ . = Storage after a time increment, At
Then substituting equations 28 and 29 in equation 27 and rearranging
S. . = S. . . + I. . - D. . - ET. . - L. . (30)
1,3 1-1,3 i,3 1,3 i,3 1,3
This is the basic mass balance equation, solving this equation 
by subjecting it to appropriate initial and boundary conditions, one can 
determine the desired informations about the movement and distribution of
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water in the soil. Description and determination of various parameters
in equation 30 is given below. L. .is assumed to be equal to zero in
1 > 3
the model.
Note: A list of symbols used in the model is given in Appendix I.
1. Soil Moisture Storage in a Layer j at the Beginning of the Day i, S.
> 3
This is equal to the storage in the same layer at the end of 
the previous day i-1. Initially, at the start of the simulation, the 
amount of soil moisture contained in each layer of the soil profile is 
known, or computed using known values as shown in the equation
S. . = 0 x DL x P (31)
1 y 3
where,
0 = Volumetric moisture content at a given soil saturation 
DL = Depth of the layer 
P = Porosity
2. Average Daily Inflow of Water to Layer j During a Given Day i, I.
1 ,3
Outflow of water from layer j during a day i serves as inflow to 
the layer below it. Amount of surface water input for each day of simu­
lation is known. It consists of measured rainfall, irrigation, or both.
3. Average Drainage Outflow from a Layer j During Day i, D^ .
Movement of water in the soil after rainfall or irrigation is 
a sum of activities of three separate processes namely infiltration, re­
distribution and evapotranspiration. In delineating the outflow from a 
layer all these processes must be considered along with some pertinent 
properties of the medium through which the flow occurs.
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Pore Space Distribution
As the soil pores enable the soil to receive, hold, and trans­
mit water for the growth of plant as well as to provide a medium for the 
circulation of air to the plant roots, their importance to soil water 
movement is apparent. The size and distribution of these pores depend 
upon certain soil properties such as particle size, shape, structure, 
degree of compaction, and grain size distribution. Soil pores are basi­
cally of two types, capillary and non-capillary pores. The point of 40 cm. 
soil moisture tension is approximately the dividing line between capillary 
and non-capillary porosity. The moisture in the non-capillary pores are 
depleted by evapotranspiration and soil moisture redistribution processes, 
while the capillary pore moisture is depleted by evapotranspiration pro­
cess only.
Soil moisture content corresponding to 40 cm. tension at which 
internal drainage allegedly ceases is termed the field capacity. According 
to Dreibelbis and Post, 14 it may be reasoned that different pore moisture 
saturation values are associated with different soils for the same soil 
moisture tension values. It was assumed that the soil used in this study 
had 50 percent pore space saturation at field capacity moisture content.
Infiltration
The process of infiltration, by definition, is the entry of 
water into the soil through the soil-atmosphere interface. Movement of 
water in the soil is governed by the soil moisture gradient. Water flows 
from a point of higher total potential to a point of lower total in the 
soil. The total potential is defined as,
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4>t  = (<t>t or cj>p ) + 4>g (32)
where,
(J)^ = Tension potential, negative 
<j>p = Pressure potential, positive 
= Gravitational potential
Tension potential develops due to progressive drying of moisture in the 
capillary pores, and is equal to zero when all the capillary pores are 
saturated at field capacity. Pressure potential, <|> , is zero at field 
capacity moisture content and will increase gradually as the non-capil^ 
lary pores become saturated. Gravitational potential, <j> , at a point in 
the soil profile is related to the elevation of that point from a refer­
ence level (usually taken as zero height). With the above theoretical 
background one can treat the process of infiltration entirely from a 
physical standpoint as follows.
When water percolates into the soil after rainfall or irriga­
tion it fills the partially empty capillary pores first as very low total 
potential values are associated with them. As these pores are getting 
filled, no water flows out from them, either by internal drainage, since 
the capillary pore water is not influenced by gravity, or by evapotrans­
piration since it is a slow process compared to infiltration. When all the 
capillary pores have been filled the non-capillary pores will become 
saturated in turn. Although both internal drainage and evapotranspirational 
movement of water takes place from these pores, the rate of depletion of 
water by these processes is governed by the size of the pores. Larger pores 
are more conducting than the smaller pores, but, according to Bodman and
and Colman6 some of the very large pores are nonconducting, and may even 
retard the water movement if they fail to extend to a zone of positive 
moisture potential. This explains the fact why 100 percent pore space 
saturation cannot be achieved with many soils. Water draining through the 
non-capillary pores will saturate the soil layers below by a process of 
selective distribution of moisture to the soil pores as described above.
Outflow of Water from a Layer During Infiltration
During infiltration any inflow that was larger than that re­
quired to raise the soil moisture to total moisture storage capacity of the 
layer, WMC, was considered excess and served as inflow to the layer below. 
Other assumptions in the model are: (1) The precipitation and irrigation 
moved down into lower soil layers only when the layer immediately above 
was at WMC, (2) The precipitation excess and the abstractions due to 
evaporation, interception and depression storage were all equal to zero.
For a given day i, the drainage outflow of water occurring from 
a layer j, W0f_., during infiltration can be represented mathematically as,
WOf. = WOf. . - (WMC - WE. , .. (33)
3 3-1 i-l,3)
where,
WOfj  ^ = Drainage outflow of water from the j-1 layer
WMC = Volume of water in any layer at maximum saturation capacity
WE. 1 . = Volume of water in a layer j, at the end of the day i-1 
1-1,3
Equation 33 can be written in terms of surface applied rainfall or ir­
rigation water, w0 fQ , for the Kth layer as
34
The amount of water left in a layer at the end of infiltration, WEf. .
1*3
can be obtained using a mass-balance approach as,
WEf. . = WE. , . + WOf. . - WOf. (35)
1,3 1 - 1,3 3-1  3
Evapotranspiration 
Evapotranspiration includes the sum of volumes of water used 
in evaporation from the soil and transpiration from the plants. During 
transpiration a continuous flow of water occurs from the soil moisture 
reservoir through the soil and roots of the plants to the leaves where 
it is transformed by solar energy into water vapor. This movement takes 
place due to potential gradients, the suction gradient (negative pres­
sure) within the soil and gradients of diffusion pressure within the 
plant. Several methods are available for estimation of evapotranspira­
tion (see literature review), but a method developed by Denmead and Shaw 13  
using daily meteorological data is being used in this model. The ratios 
of measured evapotranspiration to open pan evaporation calculated by 
Denmead and Shaw for different periods of the growing season of corn 
(see Figure 2) is being used here. Daily free water evaporation data are 
obtained from records of evaporation for Class A Weather Bureau Standard 
evaporation pans available for a number of centers throughout Illinois.*
A limitation for using this method is that the crop must be completely 
shading the ground.
Another important role of the soil moisture regime as related 
to evapotranspiration is its effect on the root distribution and thus, the 
moisture withdrawal pattern. Rate of removal of water is proportional to
Precipitation and Class A open pan data for the period 5 /2 / 6 8  to 8/29/68 





































Figure 2. The ratio of evapotranspiration to open pan 





















RATIO OF TIME TO LENGTH OF VEGETATIVE CYCLE
Figure 3. Consumptive use coefficient versus time for corn
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the root activity, but the amount of root growth is dependent upon:
(a) soil moisture, (b) age of the crop, and (c) effective depth of root 
zone. For example under very wet conditions root system will develop 
more profusely at shallower depths. However for all practical purposes 
an approximate water withdrawal pattern for c o m  is assumed, 36 where 40 
percent of the total evapotranspiration volume for a given day i comes 
from the first quarter length of the effective root zone, 30 percent from 
the second quarter, 2 0  percent from the third quarter, and finally 1 0  
percent from the last quarter (see Figure 1 on page 26).
sidered from the 20th to 55th day after germination of the c o m  crop, 
(see SUBROUTINE R00TZ in the Appendix II.)
Using the relationship developed by Denmead and Shaw shown in 
Figure 2 , and open pan evaporation data, one can determine the evapotrans- 
pirational losses for the day i, WT^,
c o m  described above, and the effective length of root zone of corn for 
the day i,











= ratio of potential evapotranspiration to open pan
i
1 evaporation for the day i 
PE^ = open pan evaporation for the day i (experimental 
data from Springfield airport)
ET. . is then calculated from this using the water depletion pattern for
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ET. . = WT. • w. (3 7 )
1,3 i 3 L J
where,
wj = a fraction of WT^ depleted from layer j . Computational 
procedure for determining w^ is clearly outlined in 
SUBROUTINE R00TR1 (see Appendix II)
ET. . is also a function of the soil moisture content of the layer j. If 
i,3
the amount of soil moisture in a layer is below field capacity saturation,
ETc. = ET . • (WEf. . - WP)/(WFC - WP) (38)
i,3 1,3 i,3
where,
ETc. . = corrected ET.
1.3 1,3
WEf. . = amount of soil moisture remaining in layer j at the
1.3
end of infiltration 
WP = amount of soil moisture in layer j corresponding to
wilting percentage moisture content
If WFC < WEf. . 5 WMC then, 
i,3
a) ETc. . = ET. .
1,3 1,3
b) an additional amount of water is considered lost by 
surface evaporation from the first layer
SEL = E T . ^ - t W E f . y W F C  - 1 ) (39)
Where WEf. is the amount of soil moisture in layer 1 at the end of in- 
1 , 1
filtration process. The soil moisture status of layer j at the end of
evapotranspiration process is given by,
WEe. . = WEf. . - ET. . (40)
i,3 1,3 i,3  ^ J
39
Note: The infiltration, evapotranspiration, and soil moisture redis­
tribution processes are treated separately in the model as 
consecutive processes occurring in the order as shown above.
The resulting soil moisture conditions at the end of infil­
tration are taken as the initial conditions for the evapotrans­
piration process. Similarly, the soil moisture status fol­
lowing the evapotranspiration process are taken as the initial 
or the beginning of the day conditions for the redistribution 
process.
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Redistribution of Soil Moisture
When the flux of water at the surface falls to zero, water 
continues to move downward under hydraulic gradients so that the soil 
in the upper profile is drying while that in the lower profile is wet­
ting. After the cessation of infiltration, the redistribution process is 
envisioned as being similar to the infiltration process in that the 
wetting front continues to move into the unwetted soil. However, a 
major difference is that the water does not come from the surface through 
a transmission zone, but comes from the transmission zone itself. This 
process, often referred to as 'internal drainage', occurs mainly through 
the non-capillary pores, and the rate of drainage is directly proportional 
to the size of these pores. Early observations showing that the flow rate 
and the water content changes decrease in time have been construed to in­
dicate that the flow rate generally becomes negligible within a few days 
or ceases entirely. The presumed water content at which internal drain­
age allegedly ceases, termed 'field capacity', has long been accepted as 
an actual physical property, characteristic of and constant for each soil. 
This field capacity concept as originally defined has been recognized as 
arbitrary and that it may have done more harm than good. According to 
Youngs7 0 Rubin55 Remson5 3 and Staple6 1 the redistribution in a semi- 
infinite profile in the absence of a water table is a continuous process 
and one that is influenced by the hysteretic properties of the soil. How­
ever, in the present model it is assumed that no drainage outflow of 
water takes place when a layer is below field capacity saturation. Re­
distribution of soil moisture is treated in the model as a downward and 
and upward redistribution process.
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Downward Redistribution of Soil Moisture
Since the intrinsic pore velocity varies with the size of the 
pores, larger.pores having relatively higher velocities than the smaller 
pores, the drainage rate or the average flow velocity in the soil reduces 
with time when there is no surface water input. The drainage rate is as­
sumed to be zero at field capacity moisture content and a maximum at a 
moisture content corresponding to a soil saturation at infiltration, WMC. 
Hence the drainage rate can be represented as a function of the soil 
moisture content.
In the model the maximum soil moisture storage capacity of a 
layer during redistribution is determined by a transient soil saturation 
boundary which fluctuates between field capacity moisture content and WMC. 
Location of this boundary in a layer during a time period At is determined 
by the amount of water in the layer during At, and the amount of inflow to 
this layer from above during At. The time period At for a given day i is 
determined by
At = (DL *WMC)/(MS »H) (41)
where DL is the depth of the layer, MS is the amount of soil moisture in 
the soil profile expressed as an average of the moisture contained in the 
soil layers, H is the basic infiltration rate in the soil expressed in 
inches/day. The soil moisture storage capacity of layer j for the first 
time period At is given by
SPj = SPC - FSB (42)
where SPC is the amount of soil moisture in layer j representing the 
location of the soil saturation boundary at the begining of At, FSB is 
the amount of soil moisture by which this boundary fluctuates during
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time At
SPC = (WEd. . + WEd. . .)/2 (43)
i,j i,J-l
and
FSB = K • (WEd. . - WOd. ,) • (WEd. . - WFC) (44)
s 1 , 3  j-i l ,j
where,
WEd. . = amount of soil moisture in a layer j on a given day i at 
1 , J
the beginning of redistribution process, also equal to
WEe.
WOd.j  ^ = the outflow from layer j - 1  during the first At 
Ks = a proportionality constant, function of the soil
Finally, the amount of water in layer j in excess of SP^ is considered as 
drainage outflow from this layer during time At
WOd. = WEd. . + WOd. - - SP. (45)
3 1,3 J *1 3
For (WEd. . + WOd. ,) f SP., WOd. = 0. Amount of water in layer j at the 
1 >3 J--*- 3 3
end of the first time period At is given by
WEd. . . = WEd. . + WOd. . - WOd. (46)
i+At,j 1 , 3  J - 1  3
Upward Redistribution of Soil Moisture
In the model soil moisture redistribution in the upward di­
rection is assumed to take place immediately after the downward redis­
tribution process, and hence the amount of soil moisture in a given layer
at the start of first time period At, WEu. is given by WEd. A .. In
1 ,3 1+At,j
the upward redistribution process it is also assumed that the outflow of 
water upwards from a given layer is proportional to the difference in the 
amounts of soil moisture in that layer and the layer above it, and this
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outflow is expressed in terms of the ratio of average soil moisture content 
of the layer during time period At to that at maximum soil saturation, SP^ 
at the beginning of time At. Hence for the first At movement of water up­
ward from a given layer can be written as
W0Uj = Ku • (WAt)j - WA t J _1) . (WA t J  - WP)/(SP. - WP) (47)
where,
Ku = a proportionality constant, function of time and 
soil moisture content 
W. . = amount of soil moisture in layer j during At expressed
At, j
as an average of the moisture contained in layer j at the 
beginning and the end of At 
WP = amount of soil moisture in layer j at permanent 
wilting percentage moisture content 
WOUj = amount of water moving upwards from layer j during At
WAt,j = [WEui,j + (WEui,j + w0uj+l - W% 3 1/ 2 (48)
V j - 1  = [WEui,j-l + (WEui,j-l + W0V  WOuj-l»/2 <49)
where WEu. . is equal to WEd. A . or the amount of water in layer i at the
i,j n i+At,j 7 J
end of downward redistribution of soil moisture for the first time period 
At, this is considered as the initial soil moisture in layer j for the 
upward redistribution process. Assuming WOu^.+ 1  = WCXk and Ku = 2/5, we 
can write,
WOu. = (2WEu. . - 2WEu. . . + WOu. J(WEu. . - WP)/DENOM (50)
3 i,J-l J-1 i,J  ^ }
where DENOM = 5SP. + WEu. . - 6 WP. The amount of water in layer j at the 
J 1, J
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end of first time interval At is
WEu. *. . = WEu. . + WOu. . - WOu. (51)
i+At,j 1 , 3 j + l j  ^ J
The soil moisture status in each layer after an elapse of time 
equal to 2At is obtained by redistributing the soil moisture both in the 
downward and upward directions for time interval At again. For the down­
ward redistribution process the amount of soil moisture in layer j at the
beginning of second time interval At, WEd. . ., is equal to WEu. A
l+At, 3 * n i+At ,3
The soil moisture status of layer j at the end of second At is given by
WEdi+2At,j " WEdi+At,j + WOdj-l ' WOdj C52)
For the upward redistribution process the soil moisture condition in 
layer j at the beginning of second At, WEui+At y  is equal to WEdi+2At y  
and at the end is
"Eui*2At.j = WEui+At,j + WOuj+ l - WOuj <53>
This process is repeated n times for a given day i to determine 
the soil moisture condition in layer j at the end of the day i, where n is 
equal to (1/At) and At is given by equation 41.
WE. . = WEu. . . (5 4)
1 , 3 l+nAt ,3
where WE. . is the amount of soil moisture in layer j at the end of the 
1»3
day i. The total drainage outflow of water from layer j during the day i 
is given by
k=nAt
WO = WOf ♦ I (WOd - WOu ) (55)
J k=At J J + i K
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where WOf^ is the outflow of water from layer j during infiltration,
WOdj and WOu^ are the outflows from layer j during downward redistribu­
tion of soil moisture for a given time interval At. During soil mois­
ture redistribution the boundary conditions are: (a) the surface inflow 
WOdQ is equal to zero, (b) movement of water upwards from the drain 
WOuN + 1  is equal to zero, (c) when WEdi+mAt 1 - WFC, for 1 < m < n, up­
ward movement of water from surface layer during the mth time interval, 
WOu^, is given by SEL • WEd^+m^t ^ , where SEL is computed as shown in 
equation 39.
Note: We have been concerned until now in developing models to 
simulate the movement of water in the soil resulting from ir­
rigation or rainfall only. But we may run into situations where 
we may have both the events taking place on the same day, then we 
treat each event separately assuming irrigation precedes rainfall.
During the irrigational movement of water we compute the total 
drainage outflow from each layer during the infiltration and re­
distribution processes for a given day i, WCL y  and the moisture 
status of each layer at the end of the day i, WE^  ^ according to 
the procedure outlined above. Then we simulate the movement of 
water due to rainfall determining WO. . and WE. ., for the same 
day in a similar manner with the following modifications,
a) WE^  ^ (rainfall) = WE^ _. (irrigation)
b) ET^  ^ = 0 . 0  (rainfall)
Movement of Nitrate Through Soil
Movement of nitrate takes place by miscible displacement defined
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as a process by which one solution of a given concentration mixes with and 
displaces another solution of a different concentration. In this section 
we will be concerned only with the physical processes involved in miscible 
displacement of one fluid by another, and no attempt will be made to treat 
this process by any conventional mathematical models of diffusion, dis­
persion and convection. A conceptual flow model based upon the physical 
processes involved is developed to describe adequately the process of 
solute movement along with the soil solution under both saturated and 
unsaturated flow conditions.
In the previous section we treated infiltration and redistri­
bution as two consecutive processes and the drainage outflows for each of 
these processes were computed separately. Accordingly the amounts of ni­
trate leached out with these effluents will also be considered separately.
Outflow of Nitrate from a Layer During Infiltration
Outflow of nitrate from a layer is based on the concept of 
miscible displacement. It is assumed that during infiltration flow of 
water takes place mainly through the non-capillary pores and hence the 
nitrate contained only in these pores will be leached out by this flow. 
Movement of nitrate by diffusion into these pores from the capillary pores 
is considered negligible during this process. But, however, during re­
distribution of soil moisture which is relatively a slow process, the 
effect of diffusion cannot be overlooked. Inflow water mixes with and 
displaces the nitrate contained in the non-capillary pores and hence the 
concentration of the effluent from a layer will linearly increase or de­
crease depending upon the concentration of the displacing solution. When 
the effluent volume is equal to or greater than the non-capillary pore
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volume, (WMC - WFC), the concentration of the effluent is the same as 
that of the displacing solution. Concentration of the effluent from 
layer j for WOf^ less than or equal to (WMC - WFC) is given by
C. = 
J
C. . - CS. 
JLi_____ I
WMC - WFC
• WOf. + CS. (56)
3 3  ^ J
where,
CSj = Concentration of the residing solution in layer j which is
equal to (NE. ./WE. .) where NE. , . and WE. . . are 
l-l,j l-l, j l-l,j l-l,j
the amount of nitrate and water respectively in layer j at 
the beginning of infiltration process 
Cj  ^ = Concentration of the displacing solution
WOfj = Volume of drainage outflow during infiltration
If WOfj is greater than (WMC - WFC), then C^ = C^ Amount of nitrate in 
layer j at the end of infiltration process is given by,
NEf. . = NE. . . + WOf. • C. . - WOf. • C. (57)
1-1,3 3-1 3-1 3 3  ^ J
Plant Uptake of Nitrate from a Given Layer
NPj is defined as the amount of nitrate taken up by plants from 
layer j , on a given day i. Uptake of nutrients by plants is achieved by 
establishing a concentration gradient between its root surface and outer 
solution. Plants maintain a low concentration of ions at the root surface. 
Ions in the soil solution diffuse or are carried by convection along with 
the transpirational stream into the plant roots, and will be translocated 
to the shoots again by diffusion and convection.
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Figure 4, from Hanway2 7 shows the accumulation of N by corn 
as a function of time. Similar data for c o m  has been presented by 
Chandler, 1 0 Sayre, 5 7 and Jordan et aZ .3 3 Figure 7 (page 58) based on 
Hanway!s data shows the daily uptake of N by c o m  as a function of time.
NPj is computed as,
NP_. = QPi • Wj (58)
where,
QP^ = Amount of N taken up by plants on a given day i, these 
values are obtained from Figure 7 
w_. = Same as shown in equation 37, it represents here the fraction 
of the total amount of nitrate depleted by plants from layer 
j . It is assumed that 40 percent of the total nitrate taken 
up by plants comes from the first quarter depth of the root 
zone, 30 percent from the second quarter, 20 percent from the 
third quarter and 1 0  percent from the last quarter (see 
Figure 1 on page 26)
Outflow of Nitrate During Soil Moisture Redistribution
Movement of nitrate in the soil takes place by diffusion, con­
vection or both. During redistribution, since it is a slow drying process, 
diffusion predominates with ions moving through both capillary and non­
capillary pores. This movement is mainly by diffusion through the capil­
lary pores, and by diffusion and convection through non-capillary pores.
It is assumed that in the downward redistribution process move­
ment of water takes place mainly through the non-capillary pores, but
49
Figure 4. Accumulation of N by corn (from Hanway, 1962.)
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however, the nitrate that gets leached out along with this outflow will 
depend upon the rate of diffusion and counter-diffusion of ions between 
the capillary and non-capillary pores in addition to convective movement 
of nutrients present in non-capillary pores. Plant uptake of nutrients 
is another process that must be considered along with redistribution since 
both these processes take place simultaneously, but presently they are 
treated separately in the model.
Outflow of Nitrate During Downward Redistribution of Soil Moisture
Amount of nitrate leached out from layer j during the first 




WOdj (5 9 )
where,
Cl = Concentration of nitrate in layer j at the beginning of At 
CF = Concentration of nitrate at the end of At
Cl = NEd. ./WEd. . (60)
CF = (NEd. . + NOd. . - NOd.)/WEd. A . (61)
1 , 3 j-1 3 i+At ,3 J
where,
WEd. . = Amount of water in layer j at the beginning of At 
1 > J
NEd. . = Amount of nitrate in layer j at the beginning of At 
i »3
and is equal to NEf. . - NP.
NOdj  ^ = Inflow of nitrate to layer j during At 
WEd^+j^ t j = Amount of water in layer j at the end of At












NOd. = (Cl • WEd. . + An)(WOd.)/(2WEd. . + WOd.) 
3 3 J
(63)
An = NEd. . + NOd. .
J- 1
(64)
Amount of nitrate in layer j at the end of At is given by,
NEd. A„ . = NEd. . + NOd. . - NOd. 
1+At,j i,j j-1 j (65)
Outflow of Nitrate During Upward Redistribution of Soil Moisture
Amount of nitrate carried up by the upwardly redistributing 
soil moisture for the first time period At is given in terms of the 
nitrate leached down from layer j by the downwardly redistributing soil 
moisture
NOUj = (NOdj/WOdj) (WOu^)
Amount of nitrate left in layer j' at the end of At is
(66)
NEu. A . = NEu. . + NOu. , - NOu. 
i+At,j 1 , 3  3 + 1  3 (67)
where NEu. . = NEd. A ., or the amount of nitrate in layer i at the end of
1 , 3  i+At ,3 7 J
downward redistribution of soil moisture for the first At. The process of 
upward and downward redistribution of nitrate are repeated n times, where 
n is equal to (1 /At), to determine the soil nitrate status of layer j at 
the end of the day i.
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Note 1 : If we have both irrigation and rainfall occurring on the same 
day, we treat each of these events separately assuming irrigation 
precedes rainfall. During the irrigation we compute the soil nitrate 
status and the outflow of nitrate for each layer following the same 
procedure as outlined above. Method of analysis remains exactly the same 
for rainfall but the changes in the following parametric values must 
be considered.
a) NPj = 0 . 0  (rainfall)
b) NE^  ^ (rainfall) = NE^ (irrigation)
Note 2 : If experimental data for NP_. is not available we can simulate 
these data from the model itself as,
NPj = ETi,j*CFj (68)
where CF_. is the concentration of nitrate in layer j at the end of 
infiltration. Since the relationship between water transport and ion 
transport in plants has been difficult to define, and a clear under­
standing or agreement has not evolved, and also since it is difficult 
to separate the transpiration component from ET\ , the validity of 
equation 6 8  is yet to be established.
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E. ASSUMPTIONS IN THE MODEL
1. The soil profile up to subsurface drain is arbitrarily 
divided into N hypothetical, horizontal elements or layers each of 
equal depth, DL.
2. The soil profile consists of isotropic, and homogeneous
material.
3. Flow of water and nitrate in the soil profile is only in 
the vertical direction and the effects of the source and sink terms can 
be neglected.
4. There is time and space homogeneity of the properties of 
soil and water.
5. There are two state moisture regimes in the soil profile. 
The first is the range from saturation to field capacity, and the moisture 
from this range is depleted by evapotranspiration and soil moisture redis­
tribution processes. The second is the range from field capacity to 
wilting point, termed capillary moisture, and is depleted by the eva­
potranspiration process only.
6 . There is no hysteresis in soil moisture flow.
7. The solute (nitrate) ion is neither expelled nor adsorbed 
onto the porous medium.
8 . There is no movement of nitrate by molecular or ionic 
diffusion due to concentration gradient, and no diffusion of nitrogen in 
the gaseous phase.
9. All the applied nitrate is readily available in soil 
solution and there are no losses or additions from mineralization, im­
mobilization, soil microbial activity, etc.
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10. Within each layer, concentration of nitrate in the soil 
solution is uniform.
11. If, on the same day, both rainfall and irrigation occur 
then each of these events can be treated separately with irrigation 
preceding rainfall.
12. There are no surface and subsurface runoff losses and
accretions.
13. Plant uptake of nitrate is not a function of the soil 
moisture content or evapotranspiration, but when evapotranspiration is 
equal to zero plant uptake of nitrate is also zero.
NOTE: There are a few other assumptions that are given mention 
elsewhere in the text and hence not listed here.
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F. RESULTS AND DISCUSSION
The proposed flow model was applied to a soil with the needed 
experimental data previously determined*. The results are presented in 
tabular and graphical forms as shown in Table 2 and Figures 5 through 15. 
The properties of the soil given in Table 1 were selected arbitrarily. 
Sensitivity analysis with the simulation model provides considerable in­
sight into the functioning of the prototype system. Different alterna­
tives investigated for the sensitivity analysis are given in Table 3. 
Profiles of water and nitrate distributions obtained for each of these 
alternatives are shown in Figures 8 through 15. Figure 5 shows a sample 
printer plot of water and nitrate distribution in the soil profile for a 
given day. Figure 6  shows the daily surface water inputs while Figure 7 
gives the daily evapotranspiration and plant uptake nitrate values.
Table 1. Properties of the soil
Porosity Infiltration Field Soil Wilting
Rate Capacity Saturation Point
M.C. M.C.
(in/day) (% vol.) (% vol.) (% vol.)
0.5 7 50 80 5
*
Precipitation and Class A open pan data used in the model for the 
period 5/2/68 to 8/29/68 was from the U. S. Weather Bureau weather 
station at Springfield airport, Springfield, Illinois. Plant use co­
efficient values given in Figure 2 were from Denmead and Shaw (1959). 
Daily plant uptake of nitrate values shown in Figure 7 were derived 
from Figure 4 of Hanway (1962). Water depletion pattern for c o m  given 
in Figure 1 was from the field experimental results of Mech (1951).
FIGURE 5. PROFILES OF NITRATE AND WATER DISTRIBUTIONS IN THE SOIL PROFILE AT THE END OF 49 DAYS FOR 18.4 INCHES OF CUMULATIVE SURFACE WATER INPUT
DAY MON YR RAIN
( i n . /
acre)
PAN-E
( i n . /
acre)
IRRIG
( i n . /
acre)
N-IN
( lb . )
PLANT-N











( l b . /
acre)
PPM T-W-IN
( i n . /
acre)
DAY
18 6 6b 0 . 0 0 . 2 4  0.5C 125 7.CCE CO 9 . 2 4 t - 02  3 2 .7 0 .430 4 . 2  4 2 . 8 1 8 . 44  49
MEIJI M TFOGcN IN TONS/KRE WE ( J ) WATtR IN ACRE-INCH
0 . 0 0 . 0 5  0 . 10 0 . 1 5  C.20 0 . 0  0 . 2 0 . 4  0 . 6
46 .99
♦ — 
1 * C.5C4 1 *
52. 21 1 ♦ 0 . 5 07 1 *
5 3 . 6 0 1 * 0 . 509 1 *
4 9 .  19 1 • 0 . 509 1 *
4 3 . 7 0 ! * C.4 *8 1 *
3 9 . 54 1 * 0 . 406 1 *
3 6 . 34 1 * 0 . 4 37 1 *
3 a . bC C 1. 0 ♦ 4 0. 431 0 1 . 0  I *
3 1 . J 5 1 ♦ 0. 432 1 *
2d . 05 E 1 * 0 . 434 E 1 *
2 5 . 1 7 1 * 0 . 436 1 *
2 3. 14 P 1 * 0 . 439 P 1 *
22 .19 1 * 0. 441 1
2 2 . 4 9 T 1 * 0 . 443 T 1 *
2 3 . 74 1 0 . 4 45 *
2 5 . 14 H 2 . 0  + * 0 . 4  »7 H 2 . 0  4 *
2 5 .78 1 * 0 . 449 I *
1 0 . 4 52 1 *
2 3 . 2 2 1 * 0 . 4 53 1
2 0 . 76 I 1 * 0 . 4 5 4 I 1 *
13 .28 1 ♦ 0. 455 » *
16 . 2 *> N 1 * . 0 . 4 5 5 N 1 *
1 4 . v4 1 0 . 4  54 1 *
1 4 . C9 3 . 0  | 0 . 451 3 . 0  ♦ *
13. 37 1 0 .4 44 1 *
12. 54 F 1 0. 431 F 1 *
11.56 1 0 . 4 18 1 *
1C.51 e 1 0 . 408 E 1 #
9 . 5 8 |* 0 . 402 1
8 . 1 1 £ 11 0. 401 E 1 *
6 . 8 7 1 * 0.4C0 1 *
6 . 3 3 T 4 . 0  +* 0 . 4 00 T 4 . 0  ♦ *
6 . 1 9 | * 0 . 400 *
6 . 1 6 | * 0 . 400 *
6 . 1 3 1 * 0 . 400 1 *
6 . 0 9 1 * 0 . 400 *
6 . 0 2 0 . 4 00 *
5 .95 |* 0 . 400 *
5 . £ 6 0 . 4 00 1 *
5 . 7 8 5 . 0 0 . 4 00 5 . 0  + *
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Figure 6 . Rainfall and irrigation application 












































Figure 7. Daily plant uptake of water and nitrate 
as a function of time
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Leaching of surface applied nitrate with rainfall and ir­
rigation are investigated in cases A and B. In each case 2000 pounds of 
nitrate were applied on the surface of the soil initially and were sub­
sequently leached by rain and irrigation.
Movement and distribution of water and nitrate in a fallow soil 
are simulated in Case A. Figure 8 shows profiles of water and nitrate 
distribution for 2.8, 7.4, 15.6, and 23.7 inches of cumulative surface 
water inputs. Figure 9 shows nitrate distributions observed by Wetselaar6 8  
and the theoretical distributions of Gardner1 9 for similar water and 
nitrate application pattern. Simulated nitrate distribution profiles 
shown in Figure 8 compare very well with the theoretical and experimental 
curves shown in Figure 9. Additional simulated profiles are given in 
Figure 8 b.
Leaching of nitrate in a cropped field soil is analyzed in 
Case B. Figures 10 and 11 show the simulated water and nitrate distri­
bution profiles. It is clear from Figures 8 and 10 that the presence 
of a crop tends to reduce the downward movement of nitrate directly, by 
assimilation, and indirectly by reducing the amount of leaching. Figures 
8 a and 1 0 a show the daily losses of water and nitrate to the drain.
Leaching losses remain the same in both cases at the early parts of the 
growing season of the crop, but as the crop matures, for identical sur­
face water inputs and atmospheric demand conditions, leaching losses are 
smaller in a cropped field soil than in a fallow soil.
Movement and distribution of water and nitrate in a fallow 
soil under simulated drought conditions is investigated in Case C. In­
itially the soil profile was at field saturation and contained nitrate 
uniformly distributed (100 pounds per layer). Profiles of water and
60
nitrate distributions simulated for surface evaporation and zero surface
inputs (water and nitrate) at the end of 4, 14, .... , 104 days are shown
in Figures 12 and 13. Surface accumulation of nitrate under continued 
drought conditions is quite apparent from these curves.
In Case D leaching of nitrate applied periodically in a cropped 
field soil with rainfall and irrigation is considered. Figure 6  shows 
the daily surface water inputs. Amount of nitrate applied during each 
irrigation is proportional to the amount of irrigation water input ( 2 0 0  
pounds of nitrate per inch of water). Figures 14 and 15 give the simu­
lated water and nitrate distribution profiles. Comparing Figures 10 and 14 
or Figures 11 and 15 one can see that for identical surface water inputs 
and evapotranspiration, weekly fertilizer application practice is much 
better from the point of view of availability of fertilizer to the crop 
throughout its growing season.
TABLE 2. INPUT DATA AND RESULTS
DAY MON* YR RAIN PAN-E IRRIG N-IN PLANT-N PLANT-W ROOTL DRAIN-W DRAIN-N PPM-N T-W-IN DAY
( i n . / ( i n . / ( i n . / ( lb . ) ( l b . / (acre- ( in. ) (acre- ( l b . / ( i n . /
acre) acre) acre) acre) inch) inch) acre) acre)
1 5 68 0 . 0 0 . 0 0 . 50 0 0 . 0 0 . 0 1 2 . 0 0 . 0 0 . 0 0 . 0 0 . 5 0 I
2 5 63 *0. 50 0 . 0 0 . 0 0 0 . 0 0 . 0 1 2 . 0 0 . 0 0 . 0 0 . 0 1 . 0 1 2
3 5 68 1. 60 0 . 8 2 0 . 0 0 0 . 0 2 . 95E-01 1 2 . 0 0 . 0 0 . 0 0 . 0 2 . 8 0 3
4 5 63 0 . 0 0 . 2 8 0 . 0 0 0 . 0 1.01E-01 1 2 . 0 0 . 0 0 . 0 0 . 0 2 . 8 0 4
5 5 68 0 . 0 0 . 2 3 0 . 0 0 C.O 8 .2 8E-02 1 2. 0 0 . 0 0 . 0 0 . 0 2 . 6  1 5
6 5 68 0 . 0 0 . 3 3 o . c 0 0 . 0 1 .19E-01 1 2. 0 0 . 0 0 . 0 0 . 0 2 .  S') 6
7 5 68 0 . 0 0 . 2 7 0 . 5 0 0 0 . 0 9 .7 2E- 02 1 2 .0 0 . 0 0 . 0 0 . 0 3 . 3 0 7
6 5 68 0 . 2 4 0 . 3 3 0 . 0 0 0 . 0 1*19E—01 1 2. 0 0 . 0 0 . 0 0 . 0 3 . 54 8
9 5 63 0 . 1 9 0 . 3 9 0 . 0 0 0 . 0 1. 40E-01 12. 0 0 . 0 0 . 0 0 . 0 3 . 73 9
10 5 68 0 . 0 7 0 . 2 4 0 . 0 0 0 . 0 8 . 64E-02 1 2. 0 0 . 0 0 . 0 0 . 0 3 . 6 3 10
11 5 63 0 . 2 7 0 . 0 9 0 . 0 0 0 . 0 3 . 24E-02 1 2 .0 0 . 0 0 . 0 0 . 0 4 . 0  f 11
12 5 68 0 . 0 0.21 0 . 0 0 C.O 7. 56E-02 1 2. 0 0 . 0 3 4 0 . 3 4 1 . 8 4 . 0 7 12
13 5 68 0 . 1 9 0 . 0 4 0 . 0 0 0 . 0 1 . 44E-02 1 2 .0 0 . 0 8 7 0 . 8 4 1 . 6 4 . 2 6 13
14 5 68 0 . 0 0 . 1 0 0 .50 0 0 . 0 3. 60E-02 1 2 . 0 0 . 1 93 1 .8 4 1 . 4 4 . 7 6 14
15 5 68 2 . 2 0 0 . 1 8 0 . 0 0 0 . 0 6 . 48E-02 1 2. 0 0 . 7 4 6 6 . 9 4 1 . 1 6 . 9 6 15
16 5 68 0 . 0 0 . 0 0 . 0 0 0 . 0 0 . 0 1 2. 0 0 . 5 57 5 . 2 4 0 . 9 6 . 9 6 16
17 5 68 0 . 0 0 . 0 0 . 0 0 0 . 0 0 . 0 1 2. 0 0 .422 3 . 9 4 0 .  7 6 . 96 17
18 5 68 0 . 3 9 0 . 0 0 . 0 0 0 . 0 0 . 0 12.0 0 . 3 4 3 3 . 2 4 0 . 5 7 . 35 18
19 5 68 0 . 0 7 0 . 0 0 . 0 0 0 . 0 0 . 0 1 2. 0 0 . 282 2 . 6 4 0 . 4 7 . 4 2 19
20 5 68 0 . 1 0 0 .0 1 0 . 0 0 0 . 0 3 .68E-03 1 2. 7 0 . 2 3 6 2 . 2 4 0 . 4 7 . 52 20
21 5 68 0 . 0 0 . 1 2 0.5C 0 0 . 0 4 . 4 4E - 02 13.4 0 . 292 2 . 7 4 0 . 3 6 .0 2 21
22 5 68 0 . 7 0 0 . 1 9 0 . 0 0 0 . 0 7 .06E-02 14. 1 0 . 4 05 3 . 7 4 0 . 2 8 . 7  2 22
23 5 68 1.47 0 . 0 0 . 0 0 0 . 0 0 . 0 1 4. 8 0 . 6 9 3 6 . 3 4 0 . 2 10. 19 23
24 5 68 0 . 0 6 0 . 0 0 . 0 0 0 . 0 3 . 0 15.4 0 . 512 4 . 7 4 0 . 3 10.25 24
25 5 68 0 . 75 0 . 0 9 0 . 0 0 0 . 0 3 .3 9E-02 16.  1 0 . 556 5 .1 4 0 . 4 11. 00 25
26 5 68 0 . 0 4 0 . 0 0 . 0 0 C.O 0 . 0 16.6 0 . 4 3 8 4 . 0 4 0 . 7 11.04 26
27 5 68 0. 01 0 . 1 3 0 . 0 0 0 . 0 4 . 95 E -0 2 17. 5 0 . 3 39 3.1 4 0 . 9 11 .05 27
2b 5 68 0 . 0 0 . 07 0 . 5 0 0 0 . 0 2 .6 3E-02 18. 2 0 . 3 1 7 3 . 0 4 1 . 2 11. 55 28
29 5 68 0 . 16 0 . 0 4 0 . 0 0 0 . 0 1 . 54E-02 18. 9 0 . 2 6 7 2 . 5 4 1 . 5 11.71 29
3C 5 68 0 . 0 0 . 0 6 0 . 0 0 - l . 7 0 t - 0 2 2 . C0E-02 19.6 0 . 2 3 4 2 . 2 4 1 . 9 11.71 30
31 5 68 0 . 0 1 0 . 1 6 0 . 0 0 4.66E-C1 5. 36E-02 2 0 .3 0 . 1 73 1. 6 4 2 . 2 11.72 31
1 6 68 0 . 5 0 0 . 1 7 0 . 0 0 9 .49E-01 5 . 76E-02 2 1 . 0 0 . 190 1. 8 4 2 . 5 12 .22 32
2 6 66 0 . 0 C.05 0 . 0 0 1.43E 00 1 .71E-02 2 1 . 7 0 . 1 62 1. 6 4 2 . 9 12.22 33
3 6 66 0 . 0 0 . 3 8 0 . 0 0 1 .9 1c  00 1 . J1E-0I 2 2 . 3 0 . 102 1 .0 4 3 .2 12.22 34
4 6 68 0 . 0 0 . 2 9 1 . 00 0 2.4CE 00 1. 01E-01 2 3 . 0 0 . 285 2 . 8 4 3 . 7 13.22 35
5 6 68 0 . 0 0 . 2 8 0 . 0 0 2.68E 00 9 .8 0E-02 2 3 . 7 0 . 012 0 . 1 4 4 . 2 1 :>.*2 36
6 6 68 0 . 0 0 . 3 2 0 . 0 0 3 . 36t CO 1. 13E-01 2 4 .4 0*008 0 . 1 4 4 . 2 13.22 37
7 6 68 0 . 0 0 .28 0 . 0 0 3 . 85 c  CC 9 . 9 5 E - 0 2 25.  1 0 . 0 0 6 0 . 1 4 4 . 3 13.22 33
8 6 68 0 . 0 0 . 3 0 0 . 0 0 4.28E 00 1. 07E-01 2 5 .8 0 . 0 0 4 0 . 0 4 4 . 3 13. 22 39
9 6 66 0 . 0 0 . 3 5 0 . 0 0 4 . 5 5c  CO 1. 26E-01 2 6 . 5 0 . 002 0 . 0 4 4 . 3 1 J .22 40
10 6 6b 0 . 0 0 . 0 0 . 0 0 0 . 0 0 . 0 27 .2 0 . 0 0 5 0 . 1 4 4 . 3 13. 22 41
11 6 66 0 . 0 0 . 3 3 0 . 5 0 0 5 . lOt 00 1.21E-01 2 7 . 9 0 . 001 0 . 0 4 4 . 3 13.72 42
12 6 66 0 . 0 0 . 3 6 0 . 0 0 5 . 3 7fc CC 1. 33F-01 2 8 .6 0 . 001 0 . 0 4 4 . 3 13.72 4 }
13 6 6 8 0 . 0 0 . 3 3 0 . 0 0 5.64C 00 1. 23E-01 2 9 . 2 0 . 0 00 0 . 0 4 4 . 3 1j . 72 44
14 6 68 1.90 0 . 4 0 0 . 0 0 5 . 9  IE 00 1. 50E-01 2 9 . 9 0 . 0 0 0 0 . 0 4 4 . 3 10. 62 45
15 6 68 2 . 2 5 0 . 0 0 . 0 0 0 . 0 0 . 0 3 0 . 6 0 . 0 0 0 0 . 0 4 4 . 3 17 .67 46
16 6 68 0 . 07 0 . 0 0 . 0 0 0 . 0 0 . 0 3 1 . 3 0 . 0 0 0 0 . 0 4 4 . 3 17. 04 47
* SEE A LIST OF ABREVIATIONS IN PAGE 63
TABLE 2. CONTINUED
DAY MON* YR RAIN
( i n . /
acre)
PAN-E
( i n . /
acre)
IRRIG
( i n . /
acre)
N-IN
( l b . )
PLANT-N 











( l b . /
acre)
PPM-N T-K-1N
( i n . /
acre)
17 6 68 0 . 0 0 . 1 5 0 . 0 0 6.73E CO 5 . 7 3E -0 2 3 2 . 0 0 . 1 5 8 1 . 6 4 4 . 4 1 7. 94
18 6 68 0 . 0 0 . 2 4 0 . 5 0 0 7.00E 00 9 . 2 4E - 0 2 3 2 . 7 0 . 4 30 4 . 4 4 5 . 6 1 8 .44
19 6 68 0 . 0 0 . 3 2 0 . 0 0 7.27E CO 1 .4 8F -0 1 3 3 . 4 0 . 3 2 0 3 . 4 4 7 . 4 18.44
20 6 68 0 . 0 0 . 3 2 0 . 0 0 7.54E CO 1 .5 1E- 01 34.  i 0 . 2 1 5 2 . 4 4 9 .  1 1 8. 44
21 6 68 0 . 0 0 . 3 5 0 . 0 0 7.o2E CO 1 .7 0F -0 1 3 4 . 8 0 . 1 2 0 1 . 4 5 0 . 4 18. 44
22 6 68 0 . 0 0 . 3 7 0 . 0 0 8 . 0 9 c 00 1 .8 4F -0 1 3 5 . 5 0 . 0 4 7 0 . 5 5 1 . 0 1 8. 44
23 6 68 0 . 3 0 0 . 0 0 . 0 0 O.n 0 . 0 3 6 . 0 0 . 0 3 7 0 . 4 5 1 . 4 1 8. 74
24 6 68 0 . 5 5 0 . 0 0 . 0 0 0 . 0 0 . 0 3 6 . 0 0 . 1 1 0 1 . 3 5 1 . 9 19 . 29
25 6 68 1.31 0 . 3 4 C.50 0 8.S0E 00 1 . 61 F- 01 3 6 . 0 0 . 0 2 9 0 . 3 3 2 . 6 21.  ir>
26 6 68 0 . 0 8 0 . 1 4 0 . 0 0 9.  l dt 00 7 . 6 0 F - 0 2 3 6 . 0 0 . 0 0 9 0 . 1 5 2 . 8 21.1'1
27 6 68 0 . 01 0 . 1 8 0 . 0 0 9 . 4  5b CC 9 . 9 6 E -0 2 3 6 . 0 0 . 0 0 6 0 . 1 5 2 . 9 2 1 . 1 s*
28 68 0 . 0 0 . 0 5 0 . 0 0 9.  72E CO 2 . 83E-02 3 6 . 0 0 . 0 0 4 0 . 0 5 2 . 9 2 1 . 1 9
29 6 68 0 . 0 0 . 2 3 0 . 0 0 9.99E. 00 1 . 3 J c - 0 1 3 6 . 0 0 . 0 0 2 0 . 0 5 2 . 9 2 1 . 1 9
30 68 0 .0 0 . 1 5 0 .0 0 1. 0 3 E 01 e . 841-02 3 6 . 0 0.001 0 .0 5 3 . 0 2 1 . 19
1 7 6b 0 . 2 9 0 . 0 0 . 0 0 O.C 0 . 0 3 6 . 0 0 . 0 01 0 . 0 5 3 . 0 2 1 . 44
2 7 68 C.O 0.28 1 . 0 0 0 1.12E Cl I . / I F - O l 3 6 . 0 0 . 0 07 0 . 1 5 3 . 0 2 2 . 4 3
3 7 66 C.O 0 . 4 0 0 . 0 0 1.33C Cl 2 . 5 0F - 0 1 3 6 . 0 0 . 0 0 0 0 . 0 53.0 2 2.4 (I
4 7 68 0 .0 0.25 0 .0 0 1.55E Cl 1 . 59E-01 3 6 . 0 0.000 0 .0 53 .0 22 .4 ri
5 7 68 0 . 0 0 . 3 0 0 . 0 0 1.  76E Cl I . 94F- 01 3 6 . 0 o.coo 0 . 0 5 3 . 0 2 2 . 4 3
6 7 68 0 . 0 0 . 0 0 . 0 0 0 . 0 0 . 0 3 6 . 0 0 . 0 0 0 0 . 0 5 3 . 0 22.4-3
7 7 68 0 . 0 0 . 4 2 0 . 0 0 2 . 1 1> E C) 2 . 82 F- 01 3 6 . 0 0 . 0 0 0 0 . 0 5 3 . 0 2 2 . 4 8
8 7 68 0.03 0 . 9 2 0 .0 0 2.40E Cl 6 .2 7E - 01 3 6 . 0 0 . 0 0 0 0 .0 53 .0 22.51
9 7 68 0.05 0 . 4 2 0 . 5 0 0 2 . C1E Cl 2 . 9 1E - 0 1 3 6 . 0 o.oco 0 . 0 5 3 . 0 2 3. :<.
10 7 68 0 . 0 0 . 0 0 . 0 0 0 . 0 0 . 0 3 6 . C 0 . 0 0 0 0 . 0 5 3 . 0 2 3 . 06
11 7 68 0.0 0 . 2 5 0 . 0 0 • 2.o5E Cl 1 .7 9E-01 3 6 . 0 0 . 0 0 0 0 . 0 5 3 . 0 2 3 . 0 6
12 7 68 0.0 0 . 0 0 . 0 0 0 . 0 0 . 0 3 6 . 0 0 . 0 0 0 0 . 0 53.0 2 3 . 06
13 7 68 0 . 2 7 0 .4C 0 . 0 0 2.<15£ 01 2 . ‘»6E-01 3 6 . 0 0 .0 0 .0 0 . 0 23.33
14 7 68 0.0 0 . 2 3 0 . 0 0 3.0CE Cl 1 . 5 o E- 0 i 3 6 . 0 0 . 0 0 .0 0 . 0 23.33
15 7 66 0 . 38 0 .0 0 . 0 0 0 .0 0 . 0 3 6 . 0 0 . 0 0 . 0 n.o 2 3. 71
16 7 68 0 . 0 0.08 l .OC 0 3. ICE Cl 5 . 52E-02 3 6 . 0 0 . 0 0 . 0 0 .0 2 4. 71
17 7 68 0 . 1 5 0 . 2 4 0 . 0 0 3.15k 01 1. 67E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 4.  e t
18 7 68 0 .0 1 0 . 2 8 0 .0 0 3.24E Cl 1 . 96E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 4 . o 7
19 7 68 0 .0 0 . 0 0 . 0 0 0 . 0 0 . 0 3 6 . 0 0 . 0 0 . 0 0 . 0 2 4.  P I
20 7 68 0 . 0 0 . 0 0 .0 0 0 .0 0 . 0 3 6 . 0 0 . 0 0 . 0 0 . 0 2 4 . 0  7
21 7 68 0 . 0 0 . 4 5 0 . 0 0 2.65E 01 3 . 22 F- 01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 4 . 1- 7
22 7 68 0 . 0 9 0 . 4 3 0 .0 0 2.45E Cl 3.10F-01 3 6 . 0  ~ 0 . 0 0 . 0 0 . 0 2 4 .0  a
23 7 68 0.20 0 . 2 3 0.5C 0 2 . 1 5E 01 1 .6 7E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 25.  t. 6
24 7 68 0.02 0 . 2 3 o.c 0 2.05E Cl 1 . b 4 f - 0 1 3 6 . 0 0 . 0 0 . 0 0 . 0 25.  6*
25 7 68 0 . 0 9 0 . 0 9 0 . 0 0 1.6 3E 01 7 . 20F -0 2 3 6 . 0 0 . 0  ' 0 . 0 0 . 0 ; 2 5 . 7  7
26 7 68 0 . 0 0 . 0 7 0 . 0 0 I . o l E Cl 5 . 60 E -0 2 3 6 . 0 0 . 0 0 . 0 0 . 0 2 5 . 7 7
27 7 68 0 . 4 8 0 . 2 8 0 . 0 0 1 . 7 6c Cl 2.4! 4E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 6 . 25
28 7 68 0 . 0 0 . 0 5 0 . 0 0 . 1. 7cE Cl 4 . 00F-02 3 6 . 0 0 . 0 0 . 0 0 . 0 2 6 . 2 5
29 7 68 0 .0 0.31 0 . 0 o ' 1.74F 01 2 . 4 8F - 0 1 3 6 . 0 0 . 0 0 . 0 0 . 0 2 6 . 2 5
30 7 68 0 . 0 0 . 2 4 l .OC 0 1 . 7 2 1 Cl 1 .92E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 7 . 2 5
31 7 68 0 . 7 7 0 . 2 1 0 . 0 0 i.hve Cl 1 . 68E-01 3 6 . 0 0 . 0 0 . 0 0 . 0 2 8 . 0 2
1 8 68 0 . 0 0 . 1 0 0 . 0 0 l , L i t Cl « . C0F-02 3 6 . 0 0 . 0 0 . 0 0 . 0 2 8 . 02
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DAY MON* YR RAIN PAN-E IRRIG N-IN PLANT -N PLANT-■W ROOTL DRAIN-W DRAIN-N PPM-N T-W-IN DAY
( i n . / ( i n . / ( i n . / ( lb . ) ( lb. / (acre- ( in. ) (acre- ( l b . / ( i n . /
acre) acre) acre) acre) inch) inch) acre) acre)
5 6 68 0 . 0 0 . 1 4 0 . 0 0 1.58E Cl 1.12F - 01 3 6 . 0 0 . 0 0 . 0 0 . 0 31. 27 97
6 8 68 0 . 0 0 . 2 6 0 . 5 0 0 1.56E 01 2.08E - 01 3 6 . 0 0 . 0 0 . 0 0 . 0 3 1 . 77 98
7 8 68 0 . 0 0 . 2 7 0 . 0 0 1.53b 01 2.16F - 01 3 6 . 0 0 . 0 0 . 0 0 . 0 3 1 . 77 99
8 8 68 0 . 5 0 0 . 24 0 . 0 0 I . 5 IF 01 2. 0IE - 01 3 6 . 0 0 . 0 0 . 0 0 . 0 3 2 . 27 100
9 8 68 0 .0 4 0 . 21 0 . 0 0 1.49F 01 1.75E - 01 3 6 . 0 0 .0 0 . 0 0 . 0 32.31 101
10 6 68 0 . 02 0 . 1 5 0 . 0 0 1.47E Cl 1.24E -01 3 6 .0 0 .0 0 . 0 0 . 0 3 2 .33 102
11 8 68 0 . 0 0 . 1 3 0 . 0 0 1.44E 01 1.07E - 01 3 6 . 0 0 . 0 2 8 0 .4 5 8 . 9 32 . 33 103
12 8 68 0 .0 0 . 3 2 0 . 0 0 1 .4tE 01 2 . 6  3E-01 3 6 . 0 0 . 0 1 5 0 . 2 5 9 .1 3 2 . 33 104
13 8 68 0 . 0 0 . 21 0 . 5 0 0 1.40E 01 1.72E - 01 3 6 . 0 0 . 011 0 . 2 5 9 . 2 3 2 . 83 105
14 8 68 0 .0 0 . 1 4 0 .0 0 1.38E 01 1 .14E -01 3 6 . 0 0 . 009 0 .1 5 9 . 3 32 . 83 106
15 8 68 0 .4 7 0 . 2 5 0 . 0 0 1.35E 01 2.03E - 01 3 6 . 0 0 . 0 0 7 0 .1 5 9 . 4 33 . 30 107
16 8 68 0 . 0 0 . 1 7 0 . 0 0 1.33E 01 1.37E - 01 3 6 . 0 0 . 005 0 . 1 5 9 . 4 3 3 . 30 1 38
17 8 68 0 . 0 0 . 2 2 0 . 0 0 1.31E 01 1.77E - 01 3 6 . 0 0 . 0 0 3 0 . 0 5 9 . 5 3 3 .30 109
18 8 68 0 . 4 7 0 .2 2 0 . 0 0 1.29E 01 I . 76E - 01 3 6 . 0 0 . 0 02 0 .0 •39.5 33. 77 110
19 8 68 0 .0 0 . 3 3 0 . 0 0 1 . 2 1F 01 2.63E - 01 3 6 .0 0 .001 0 . 0 5 9 . 5 33 .77 111
20 8 68 0 .0 0 . 2 8 0 . 5 0 0 1.24E 01 2.22E -01 3 6 . 0 0 .001 0 . 0 5 9 . 5 3 4 .27 112
21 8 68 0 . 0 0 . 2 7 0 . 0 0 I . 22c 01 2.13E -01 3 6 . 0 0 .00 0 0 . 0 5 9 . 5 34 .2  7 113
22 8 68 0 .0 0 . 2 4 0 .0 0 1 .1 ‘iE 01 1 .63E - 01 3 6 .0 0 .000 0 .0 59 .5 34 .27 11*
23 8 68 0 . 0 0 . 2 5 0 . 0 0 1.17E 01 1 .66E - 0 1 3 6 . 0 0 .00 0 0 . 0 5 9 . 5 3 4 . 27 115
24 8 68 0 . 0 0 . 2 8 0 . 0 0 i.i;>e 01 1.86E - 0 1 3 6 . 0 0 . 0 00 0 . 0 5 9 . 5 34. 27 116
25 8 68 0 . 0 0 . 2 5 0 . 0 0 1.13E 01 1.64E - 01 3 6 . 0 0 .000 0 . 0 59 .5 34. 27 117
26 8 68 0 .0 0 . 3 4 o.c 0 1.10E 01 2.20F -01 3 6 . C 0 .000 0 .0 5 9 . 5 34 .27 118
27 8 68 0 . 0 0 . 2 2 0 . 5 0 0 1 . 0 « c 01 1 . 4CF- 0 1 3 6 . 0 0 . 0 00 0 . 0 3 9. 5 3 4 . 77 119
28 6 68 0 . 0 0 . 21 0 . 0 0 l.0t,£ 01 1 . 32E -01 3 6 . 0 0 .0 0 . 0 0 . 0 3 4 . 77 120
29 8 68 0 . 0 0 . 22 0 . 0 0 1.04E 01 1.37E - 01 3 6 . 0 0 . 0 0 . 0 0 . 0 34 . 77 121
* ABREVIATIQNS:
MON = month 
YR = year 
RAIN = rainfall 
PAN-E = pan evaporation 
IRRIG = Irrigation
N-IN = fertilizer (nitrate) appl1cat1on/day 
PLANT-N = plant uptake of nitrate 
PLANT-W * daily evapotranspiration rate 
ROOTL = length of effective root zone 
DRAIN-W = amount of water lost to the drain dally
DRAIN-N = amount of nitrate lost to the drain dally . j .
PPM-N = parts per million of nitrate in the dally efflents entering the dram 
T-w-IN = cumulative surface water input
On




























Case A WFC 5 2 0 0 0 yes yes no EVP
Case B WFC 5 2 0 0 0 yes yes no ET $ PN
Case C WMC 1 0 0 none no no no EVP
Case D WFC 5 none yes yes yes ET § PN
WFC = amount of soil moisture in a layer at field capacity saturation 
WMC = amount of soil moisture in a layer at maximum soil saturation 
ET = daily evapotranspiration losses from a layer 
PN = daily plant uptake of nitrate from a layer 





Case A: Leaching of initially surface applied nitrate with
rainfall and irrigation in a fallow soil
WATER IN INCHES (with o symbols)
0.00 Q. IS 0.2H 0.36 0.48 0.60
Figure 8 . Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
----------- Z.8 INf CS. DRT5I = r r = r - r  7.14 113. QRT5J
IS.6 IN; ms. DRT5) -----  23.7 IN* 176. QBT3J
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Case A: Leaching of initially surface applied nitrate with
rainfall and irrigation in a fallow soil
QRPIHFGg LTOE3 OF HBTEH TB THE DOR IN
TIME IN DATS
Figure 8a. Daily leaching losses of water and nitrate





WATER IN INCHES (with o symbols)
0.00 0.12 0.24 0.36 0.48 0.60
t------------ 1--- - ------- 1-------------1-------------1------------- 1
NITRATE IN POUNDS PER ACRE
Case A: Leaching of initially surface applied nitrate with
rainfall and irrigation in a fallow soil
Figure 8b. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
-----  28.Q IN' (32. DRT3J 28.6 IN; (35. DfTTS




Case A: Leaching of initially surface applied nitrate with
rainfall and irrigation in a fallow soil
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NITRATE ION CONCENTRATION IN ppm
Figure 9. Nitrate distributions observed by Wetselaar (1962), thick lines, 
and the theoretical distributions of Gardner (1965), thin lines, 





Case B: Leaching of initially surface applied nitrate with
rainfall and irrigation in a cropped field soil
l WATER IN INCHES (with o symbols)
0 . 0 0  0 . 1 2  0.24 0.36 0.48 0.60
I 1------------- 1-------------1---------'--- 1-------------1
NITRATE IN POUNDS PER ACRE (xlO2)
Figure 10. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
-----  2 .8  IN; (S 0PT5I — r  •?.«* IN: M 3  QflTJ)
----------  IS .6 IN; (IS  OATS) ............. 23.7 IN; (*76 OflTSJ
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Case B: Leaching of initially surface applied nitrate with
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Figure 10a. Daily leaching losses of water and nitrate




Case B: Leaching of initially surface applied nitrate with
rainfall and irrigation in a cropped field soil
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WATER IN INCHES (with o symbols) 
0.00 0.12 0.2*4 0.36 O.MS 0.60
I-------------1-------------1------------- 1------------- 1-------------1
NITRATE IN POUNDS PER ACRE
Figure 11. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
---------  2S.1 IN, (B4 0BT5J ?7.2 IN, C91 0RY3)





Case C: The movement and distribution of water and nitrate in a 
fallow soil under simulated drought conditions
WATER IN INCHES (with o symbols)
0.00 0.12 0.2M 0.36 0.H8 0.60
I-------------1------------- 1------------- 1-------------1-------------1
NITRATE IN POUNDS PER ACRE
Figure 12. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
-----  a.a IN* It. 0RTS 0.0 INt I1M. OWYSJ







Case C: The movement and distribution of water and nitrate in a 
fallow soil under simulated drought conditions
WATER IN INCHES (with o symbols)
0.00 0.12 0.2M 0.36 0.48 0.60
I-------------1------------- 1-------------1------------- 1- ----------- )
NITRATE IN POUNDS PER ACRE
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Figure 13. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
-----  0.0 I lit (01. OflTSJ 0.0 iMt (7»l. DOTS





Case D: Leaching of periodically applied nitrate in a cropped
field soil with rainfall and irrigation
0 . 0 0  
I—
WATER IN INCHES (with o symbols)
0.12 0.24 0.36 0.48 0.60
— I------------- 1-------------1------------- 1------------- 1
NITRATE IN POUNDS PER ACRE
87.5 
------- 1
Figure 14. Distributions of water and nitrate in the soil profile 
for different amounts of surface water application 
at the end of certain given time periods
-----  2 .8  IN; CS OAT 5) 7.«i IN; (19 0AT5)





Case D: Leaching of periodically applied nitrate in a cropped
field soil with rainfall and irrigation
MATER IN INCHES (with o symbols)
0.00 0.12 0.24 0.36 0.48 0.60 
I 1-------------1------------- 1-------------1-------------1
NITRATE IN POUNDS PER ACRE
Figure 15. Distributions of water and nitrate in the soil profile 
for differemt amounts of surface water application 
at the end of certain given time periods
---------  2S.7 IN; (8U DATS) 27.2 IN; (91 DAT5)
31.9 IN; (96 OAT5) 32.8 IN; (IQS OATS)
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G. CONCLUSION AND RECOMMENDATIONS
This study demonstrates the possibility of computing nitrate 
flow with water in unsaturated cropped field soils using the computation 
method proposed. Lack of data on various model parameters have neces­
sitated some gross assumptions at this stage. The model can be refined 
as data becomes available. In addition the processes considered within 
the framework of the model are somewhat idealized and hence, lose some of 
the flexibility and sensitivity of the natural processes.
The model should be useful in the analysis of experimental 
studies of the movement of non-interacting solutes in soil. The method 
can be modified to take into account diffusion, exchange phenomena, 
activities of soil microflora to release or to immobilize nitrate in the 
soil, and temperature effects. The model can be applied for evaluating 
the efficient combinations of quantity and quality of irrigation water 
applied to various crops in accordance with the nitrate distribution as 
in this case, within the soil profile. It can be applied to certain 
practical problems in agriculture such as leaching saline soils and move­
ment of herbicides, and pesticides in soil. The method can be modified 
to take into account the flow in two or three dimensional systems.
In general, a satisfactory correspondance to a real system can 
be achieved by trial and error procedure using actual data. Therefore 
the practical usefulness of the model in providing a framework for the 
analysis of flow of water and nitrate through the soil profile can be 
determined only after it is tested with actual data, and the needed 
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C Concentration of soil solution (lbs/acre-in)
C. Concentration of nitrate in the soil solution of layer j 
 ^ (lbs/acre-in)
D Soil water diffusivity (in2 /sec)
DL Depth of the layer in inches
D. . Amount of drainage outflow from jth layer on ith day 
*•' (acre-in)
Dg Dispersion coefficient (in2 /sec)
ET^ . Amount of evapotranspiration from layer j on a given day i
(acre-in)
h Pressure or tension head in inches of water
H Basic infiltration rate in the soil (in/day)
i Time in days
I. . Amount of inflow into layer j on the day i (acre-in)
-*■ * J
j Layer number
MS Amount of soil moisture in the soil profile given as an
average of the moisture contained in the soil layers on 
a given day i (acre-in)
NE. . Amount of nitrate in layer j at the beginning of the day i 
1 *•* (lbs/acre-in)
NEd^ . Amount of nitrate in layer j at the beginning of the first 
1,J time period At of the day i during the downward redistri­
bution, and it is equal to NEf^ - NP_. (lbs/acre)
NEf^ . Amount of nitrate in layer j at the end of the day i 
1,•, following infiltration (lbs/acre)
NEu^ . Amount of nitrate in layer j at the beginning of the first 
time interval At of the day i during upward redistribution,
and it is equatl to NEd^+^t  ^ (lbs/acre)
Outflow of nitrate from layer j for a given time interval 
At of the day i during the downward redistribution process 
(lbs/acre)
Outflow of nitrate from layer j for a given time interval 
At of the day i during the downward redistribution process 
(lbs/acre)
Amount of plant uptake of nitrate from layer j on a given day 
(lbs/acre)
Amount of drainage outflow of water from layer j on a given 
day i (acre-in)
Volumetric porosity
Average daily open pan evaporation -- Springfield airport data 
(acre-in)
Average daily open pan evaporation -- data of Denmead and 
Shaw (acre-in)
Amount of plant uptake of nitrate from soil on a given day i 
(lbs/acre)
Rate of evaporation from the surface layer when this layer 
is above field capacity saturation (acre-in)
A transient maximum soil saturation level in layer j during 
the redistribution process (acre-in)
Time in seconds
Average flow velocity (in/sec)
A fraction of WT^ or QP^ depleted from layer j on a given day
Amount of soil moisture in layer j at the beginning of the 
day i (acre-in)
Amount of water in jth layer on ith day at the beginning of 
the first time interval At of the day i during downward 
redistribution of soil moisture (acre-in)
Amount of water in the jth layer on the ith day following 
infiltration (acre-in)
Same as ET. .
Amount of water in layer j at the beginning of the first time 
interval At of the day i during upward redistribution of 
soil moisture (acre-in)
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WEe. . Amount of soil moisture in the jth layer on the ith day 
at the end of the evapotranspiration process (acre-in)
WFC Volume of water in layer j corresponding to field
capacity saturation (acre-in)
WMC Volume of water in layer j at maximum soil saturation
during infiltration (acre-in)
WOd. Outflow of water from layer j for a given At of i during
downward redistribution of soil moisture (acre-in)
WOf. Outflow of water from jth layer on the ith day during
infiltration (acre-in)
WOu. Outflow of water from layer j for a given At of i during
** upward redistribution of soil moisture (acre-in)
WP Amount of soil moisture in layer j corresponding to per­
manent wilting percentage moisture content (acre-in)
WT\ Average daily evapotranspiration rate (acre-in)
WTq Potential evapotranspiration rate (acre-in)
z Distance in the vertical direction (in)
0 Volumetric moisture content




The following pages contain the listing of the computer programs 
written in FORTRAN IV for use on an IBM 360 system model 75 with G level 
compiler. The program requires approximately 40,000 words of memory 
locations and a processing time of 44 seconds for a simulation using 42 
layers and 123 time increments. To better illustrate the programming logic, 
and facilitate modifications the program is segmented into a MAIN routine 
and 16 subroutines. A consistant system of units (feet, pounds, seconds) 
were used throughout. The MAIN program is the executive program having 
important functions such as reading-in input data, specifying entry points 
to subroutines, print and plot results.
Data needed for simulation are supplied directly or indirectly 
to the MAIN program by different sources, such as data read-in directly to 
the computer from punched cards, data computed in subroutines WT, QP, and 
R00TZ using some preselected equations; and initial or default values, and 
invarient data provided by BLOCK DATA subprogram and NAMELIST option of 
FORTRAN. Punched card data consists of the dates (day, month, year) and 
average daily values of precipitation, open pan evaporation, irrigation, 
and fertilizer application occurring on these dates. Subroutine WT converts 
pan evaporation data into average daily evapotranspiration values, QP gives 
directly the daily plant uptake of nitrate values, and ROOTZ, the depth of 
effective root zone values, for a given day. For a given depth of root 
zone subroutine R00TR1 computes coefficients for each layer of the soil, 
and when daily evapotranspiration and plant uptake of nitrate values are 
multiplied by these coefficients, corresponding values of the respective
8 6
amounts of water and nitrate depleted by plants from each layer of soil is 
obtained.
Subroutine ZCURVE computes the amount of water and nitrate 
leaching out of a given layer during the infiltration process, and also 
determines the amount of water and nitrate left in the layers at the end 
of this process. The amount of water above maximum soil saturation is 
considered as outflow and leaching of nitrate takes place by miscible 
displacement. Subroutine WEND computes the outflow of water and nitrate 
from any layer during the process. The rest of the subroutines are used 
for the output of results and a brief explanation about the programs 
appear on top of each of these subroutines. The programs print out all 
original data along with some simulated flow values as shown in Table 2. 
Subroutine PRPLT1 gives printer plots of water and nitrate distribution in 
the soil profile and a sample plot is shown in Figure 5. CALCOMP 
plottings of the results are done by subroutine VERTPL which makes use of 
other subroutines such as CCDDP, PLTHGM, CCPHLN, PLSYMB, and several other 
library subroutines. These plottings are shown in Figures 6  through 15. 
Figure 16 shows a summary flow chart of the computer program.
MAIN PROGRAM
I
COMPUTE D AY INCREM ENT I 
(SUBRO UTINE CONDAY)
COMPUTE EVAPOTRANSPIRATIO N 
AND PLANT UPTAKE OF N 
(SUBRO UTINE WT AND QP)
CONSIDER
IRRIGATIO N
O N LY..(SU B;
SURAP)
SELECT 
F IR ST  L A Y E R
COMPUTE THE OUTFLOW AND 
STO R A G E OF BOTH W ATER AND 
N ITR A T E  R ESU LTIN G DURING 
IN FILTRATIO N  PROCESS 
(SUBRO UTINE ZCU RV E)
COMPUTE DEPTH OF ROOTZONE 
(SUBRO UTINE ROOTZ)
COMPUTE EVAPOTRANSPIRATIO N 
AND PLANT UPTAKE OF N ITRATE 
FROM THE L A Y E R  AND OBTAIN 
SO IL M OISTURE STATU S AT THE 
END OF THESE PROCESSES 
(SUBRO UTINE R O O TR l)
COMPUTE THE OUTFLOW AND 
STO R A G E OF BOTH W ATER AND 
N ITR A T E RESULTIN G DURING 
RED ISTRIBUTION PROCESS 
(SUBRO UTINE WEND)






















A blanked out character string of length 42 words having only 
a slash *|1, in the 2nd position, and a star, '**, anywhere 
between 2nd and 42nd position corresponding to the amount of 
nitrate in layer J at the end of the day I
Blank space length overflow at a given coordinate point I 
which is taken into account at the start when connecting I and 
(I+ko) th point with dash-blank-dot-blank ...... sequence
QNE (k, J) value by 3 point averaging method
Peak value of the amount of nitrate in the soil profile on a 
given day I
Ratio of the distance between two consecutive coordinate 
points along the x-direction, and BDENOM
Same as above for the y-direction 
Distance between two consecutive points
A blanked out character string of length 32 words, having a 
slash, * I1, on the second position and a star, ***, anywhere 
between the 2nd and 42nd column corresponding to the amount 
of water in layer J, at the end of the day I
Blank length overflow at Jth point, which is taken into 
consideration at the start when Jth and (J+ko)th points and 
connected by dot-blank-dash-blank ...... sequence
Concentration of surface applied fertilizer N (Input)
Same as CA (1) (Input)
Not used
Dash length overflow at Ith point, which is taken into 
consideration at the start when connecting Ith and (I+ko)th 
point with blank-dot-blank-dash .....  sequence
Amount of upward movement of water by capillarity from layer 
J on a given day I
One quarter length of the effective depth of root zone on a 
given day I
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DL Depth of any laydr (Input)
CMC Not used
DMN (J) Amount of nitrate leached out from layer J during the
redistribution process
DMW (J) Amount of water leached out from layer J during the
redistribution process
ETA (k) Fraction of the total amount of moisture (or nitrate)
depleted by plant roots from the soil, corresponding to the 
first quarter length of the effective depth of root zone, 
second quarter length, etc (Input)
HMAX Peak flow rate of water in the soil under saturated conditions,
inches/day (Input)
I Time in days
IN (M) Refers to a given day on which relevant informations are
passed to subprogram VERTPL for plotting water and nitrate 
distributions
IRR Daily irrigation amount
IU (I) Value of x-coordinate, I, backspaced by —  (where 
AI = I - (1-1)
IV (I) Similar to IU (I) with I value increased by ~
IZ (I) Not used
J Layer number
ko Backspace factor used in comparing Ith and (I-ko)th point
M An identification number tagging the values passed in the
IN (M)th day to subroutine VERTPL
MMAX Maximum value of M
MON Month (Input)
MP It represents the amount of water in layer J, on a given day
I, by a star, 1 * 1, in the printer plots




NODAT Maximum value of I
NODAT Corresponds to maximum layer number
NP It represents the quantity of nitrate in layer J on a given
day I, by a star, ***, in the printer plots
NY Calendar year
P Volumetric porosity (Input)
PAN Average daily open pan evaporation in inches (Input)
PHD (M) Value of cumulative rain and irrigation passed to VERTPL on
IN (M)th day
PPM Parts per million of nitrate in the effluent reaching the
drain
PPU (I) PPM after being scaled for CALCOMP plotting
QN (5) Variable scale factor for numbering the x-axis (nitrate) in
printer plots
QNB Amount of nitrate in layer J, at the beginning of the day I
QND Leaching losses of nitrate to the drain on a given day I
QNE (I,J) Amount of nitrate in layer J at the end of the day I
QNE (1,J) Amount of nitrate in layer J at start of simulation (Input)
QNE1 (J) Intermediate soil nitrate condition in layer J, on a given day 
I
QND Amount of nitrate leached into the drain, on day I
QNO Total outflow of nitrate from layer J during both infiltration
and redistribution of soil moisture
QNP Daily plant uptake of nitrate from layer J
QNWP Amount of nitrate in permanent wilting point soil moisture of
layer J, on a given day I
QPU (I) Daily plant uptake of nitrates in CALCOMP values




RAIN Average daily rainfall (Input)
SATUFC Volumetric moisture content at field capacity saturation
(Input)
SINO (1) Amount of surface applied nitrate on a given day (Input)
SINO (J) Amount of nitrate leached out of layer J during the infil­
tration process
SM Maximum amount of water in the soil profile on a given day I
SNOW Distance between [l]th and £l+ko]th point after subtracting
the 'linear overflows’ (AMOD, M O D ,  and CMOD)
QP Amount of daily plant uptake of nitrates
SUMWO (1) Surface water input (rain or irrigation) on a given day I
SUMWO (J) Amount of water lost from layer J during infiltration
TA (2) Scale factor that converts the QNE(I,J) values to CALCOMP
values
TB (2) Scale factor for converting J into suitable CALCOMP values
TF (2) Scale factor to convert the amount of fertilizer applied on a
given day I
TI (2) Scale factor for converting I
TN (2) A factor or coefficient for scaling daily plant uptake of
nitrates values to CALCOMP values
TP (2) Scale factor for converting the PPM of nitrate leached out
into the drain
TR (2) Scale factor for rainfall input
TW (2) Scale factor for converting WE(I,J) values
W A fraction of the total amount of water (or nitrate) consumed
daily by plants from layer J
WB Amount of water in layer J at the beginning of the day I
WDC Not used
Variables Description
WD Amount of water leaching into the drain, daily
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WDU(I) Daily leaching losses of water to the drain (Scaled)
WE(I,J) Amount of water in layer J at the end of the day I
WET Evapotranspiration amount for layer J on a given day I
WE1(J) Intermediate soil moisture condition in layer J on a given day
I at the end of infiltration, evapotranspiration, and 
redistribution processes
WFC Amount of water that corresponds to field capacity moisture
content of layer J (Input)
WFU(I) Daily irrigation amount (Scaled)
WMC Amount of water that corresponds to saturation capacity
moisture content of layer J (Input)
WN(J) End of the day soil moisture value after 3 point averaging
method
WO Total leaching losses of water from layer J on a given day I,
during infiltration and redistribution processes
WP Amount of water that corresponds to permanent wilting point
moisture content of layer J (Input)
WRUCI) Daily precipitation amount (Scaled)
WT(I,PAN) Function subroutine that computes average daily evapotranspi­
ration from the soil profile
WTU(I) Daily average evapotranspiration amount (Scaled)
XCP Maximum of the four given AXAM(IN(M)) values










A S I M U L A T I O N  P R O G R A M  F O R  T H E  S I M U L T A N E O U S  E V A L U A T I O N  O F  
W A T E R  A N D  F E R T I L I S E R  N I T R O G E N  IN T H E  S O I L  P R O F I L E
D I M E N S I O N  S U M W 0 ( 5 0 ) , Z W 0 ( 5 0 ) , W 0 1 ( 0 2 ) , TI ( 2 ), TR ( 2 ), TP < 2 ), TF < 2 ) ,
* P H D ( 5 0 ) rZ N 0 ( 5 0 ) t S I N 0 ( 5 0 ) , T A ( 2 ) , T B ( 2 ) , T C ( 2 ) , P P ( 1 3 0 ) ,TT(2), T N ( 2 ) t  
^ A X ( 130) ,AXAM( 130), IN( 50) ,WRIJ(1 2 5 ) , W F U < 1 2 5 ) , P P U ( 1 2 5 ) , W T U (125) , 
* C 0 ( 0 2 ) , B U D ( 0 2 ) , Q P U ( 12 5 ) , W D U (125 ) ,T D (2),W W U (1 2 5 ) , P M U < 125) 
D I M E N S I O N  S S G E (12,2) , MSN(4), WR IT ( 1 3 , 2 ) , P N O (50)
R E A L * 4  M U , I V , I Z , I U , L W D , N R E , I R R , M S C , I A X  
C O M M O N  / L 0 C 1 / N D A Y , M 0 N  
C O M M O N  / L 0 C 2 / R A I N , I R R y C O N C t l l  
C O M M O N  /L0C3/I,K
C O M M O N  / L 0 C 4 /  W E T , W B , Q N B , W E 1 ( 5 0 )
C 0 M M 0 N / L 0 C 5 / 0 N E ( 1 2 5 , 4 2 ) , W E (125,42)
C O M M O N / L 0 C 6 / I U ( 1 3 0 ) , I V (130)
C O M M O N  / L O C 7/ C A < 5 0 ) , Q N E 1<50)
C O M M O N / L O C 8 / X C O ( 8 ) , Y C O < 8 ) , T A X ( 8 ) , D S L ( 8 ) , B L ( 8 ) , C H Z  ( 8)
I N I T I A L I Z E  D A T A
C 0 M M 0 M / C 0 N 1 / S U M D W , S U M D N , S U M W N , S U M N N  
C 0 M M 0 N / C 0 N 2 / S U M E L N , S U M E L W , S U M A N , S U M A W , S U M P N , S U M P W  
C O M M O N  / C 0 N 3 /  H M A X , P ,W F C ,W M C ,W P , D L  
C O M M O N / C O N 4 / E T A ( 8 0 )
C O M M O N / C 0 N 5 / N  
E Q U I V A L E N C E
* ( WRIJ (1) , P P  ( 1) ) , ( A X (  1) , W T U  ( l ) t O P U (  1) )
NAMEL I ST/DATA 1/ X C O , Y C O , T A X ,D S L ,B L ,CHZ 
N A M E LI S T / D A T A 2 /  X C O , Y C O , T A X , D S L , B L , C H Z  
N A M E L I S T / D A T A 3 /  X C O ,Y C O , T A X ,D S L ,B L ,CHZ 
N A M E L I S T / D A T A 4/ X C O , Y C O , T A X , D S L , B L , C H Z  
DATA MSN / 4 6 , 2 1 , 49,34/
D A T A  W R I T  / ' F I G U R E  1 0 A :  L E A C H I N G  L O S S E S  O F  W A T E R  A N D  N I T R O G E N  T O
* T H E  D R A I N  A S  A F U N C T I O N  O F  T I M E  •/
S U M I W = 0 . 0
SlJMIN = 0 . 0  
SlJMWB = 0 . 0  
WDU(1 )=0 . 0  
O P I M  1 ) = 0 . 0  
W W U ( 1 ) = 0 . 0
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P M U ( 1 ) = 0 . 0  
W R U ( 1 ) = 0 . 0  
WPU( 1 ) = 0 . 0  
p p u d  ) = o . o
W T U  ( 1 ) = 0 . 0  
I U ( 1)  = 0  
I V  (1 > = 0 
N 0 D A T = 1 
T O ( 1 ) = 0 . 0  
T D ( 2 ) = 0 . 0  
TI ( 1 ) = 0  .
T I ( 2 ) =  2 5 .
T R ( 1 ) = 0 •  
T R < 2 ) = 0 . 5  ,
T P ( 1 ) = 0 •
T P ( 2 ) = 0 . 0  
T F ( 1 ) = 0 •
T F ( 2 ) = 0 . 5  
T T ( 1 ) = 0 .
T T ( 2 ) = 0 . 0  
T N ( 1 ) = 0 •  
T N ( 2 ) = 6 .
P H D (1 ) = 0 . 0  
W L 0 S S = 0 . 0  
S P O D  = 0 . 0  
S P 0 D = 2 4 .  
R C 0 N = 0 . 5 5  
M= 0
I S U M  = 1 
M S C - O . 8 0  
D M C = 0 . 3 5  
S A T U F C = 0 . 4 0  
W D C = D M C * P * D L  
P W S = 0 .
C A L L  P R P L T l ( N )
C I N I T I A L I Z E  B O U N D A R Y  C O N D I T I O N S
D O  5 J = 2 »N 
O N E (1» J ) = 1 0 0 .
O N E ( l t J ) = 5 .
W E ( 1» J )= W M C  
W E ( 1 r J ) = W F C  
5 C O N T I N U E
O N E ( 1 * 2 ) = 2 0 0 0  .0 
Z R A  I N = 0 . 0
C A L L  R 0 0 T R 1 ( M t S U M )
1 * P A N * , 6 X , • I R R G  * t 5 X  * ' C O N *  » 4 X t ' P L A N T - N • , 6 X , • P L A N T - W ' ,
W R I T  E (6 » 2 2 )
2 2  F O R M A T < • 1 • » / / / /  5 3 X ,  ' T A B L E  2 .  I N P U T  D A T A  A N D  R E S U L T S ' )  
W R I T E ( 6 » 3 3 )
3 3  F O R M A T  ( / /  3 X f ' D A Y ' , 2 X , • M O N ' » 2 X , *Y R * « 5 X V * R A I N * , 4 X V
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1 5 X  t * L R Z  * , 6 X , ' D R N - W ' , 6 X , ' D R N - N * , 6 X , ' P P M * , 5 X , » T - W - I N * , 4 X , ‘D A Y *  /• ' )
C  R E A D  P A R A M E T E R  C A R D
9 9 9  R E A D  ( 5 , 1 ♦ E N D = 3 3 3 ) N D A Y , M O N , N Y , R A l N , P A N , I R R , C O N C
1 F O R M A T ! I 2 » I 3 , I 5 , 3 F 5 . 2 , F 8 . 2 )
Z W A T  = 0 * 0  
Z 0 N = 0 . 0 
K = 1
11 = 1 
wn=o.
0 N 0 = 0 . 0
C  S T A R T  S I M U L A T I O N
C  C O M P U T E  T I M E  V A R I A B L E  I ( I N  D A Y S )
C A L L  C O N D A Y  ( I , 6 9 9 9  , £ 3 3 3 )  
A X A M ( I ) = 0 . 0
C D E T E R M I N E  S U R F A C E  I N P U T S  ( I R R I G A T I O N  A N D / O R  R A I N F A L L  A N D  I T S / T H E I R
C C O N C E N T R A T I O N  O F  N I T R A T E ) *  F O R  T H E  F I R S T  S T A G E  O F  S I M U L A T I O N  O N
C T H E  I T H  D A Y
1 1 1 0 6  C A L L  S U R A P  ( S U M W O , C A )  
C A (1 ) = 0  *0 
C 0 N C = 0 . 0  
R C 0 N = 0 . 0
S I N 0 ( 1  ) = S U M  W O  ( 1) * C  A (1 ). 
2 5 0  N T W 0 = 2 + N
D O  1 0 0 0  J =  1, N T W O  
Z W O ( J ) = 0 . 0  
Z N O ( J ) = 0 . 0
1 0 0 0  C O N T I N U E
C C O M P U T E  T H E  D E P T H  O F  R O O T  Z O N E
C A L L  R 0 0 T R 2 (D ) 
R Z L = 4 * D
C N O T E :  J = 2 t  R E F E R S  T O  F I R S T  L A Y E R ,  J = 3 ,  T H E  S E C O N D ,  E T C .
S M = 0 . 0  
3 A 6  D O  4 0 0  J = 2 , N
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I F ( I I . E O . 3 I G O T O  3 4 7
C
C
C A L C U L A T E  T H E  E V A P O T R A N S P I R A T I O N A L  L O S S E S  A N D  P L A N T  U P T A K E  O F  N I T R O G E N  
F R O M  L A Y E R  J
IF  ( 4 * D )  2 6 0 , 2 6 0 , 2 7 5
C
C
E V A P O T R A N S P I R A T I O N A L  L O S S E S  A R E  M A I N L Y  F R O M  T H E  F I R S T  F O O T  O F  S O I L  
D E P T H  F O R  S M A L L  R O O T  Z O N E S  ( S E E  S U B R O U T I N E  R O O T Z ( D ) )
2 6 0  IF  ( J - 2 ) 2 6 5 , 2 6 5 , 2 7 0  
2 6 5  W E T  = W T ( I , P A N )
Q N P = 0 . 0  
G O  T O  3 2 0  
2 7 0  W E T = 0 . 0  
Q N P = 0 . 0  
G O  T O  3 2 0
C D E T E R M I N E  T H E  F R A C T I O N  O F  T H E  T O T A L  E V A P O T R A N S P I R A T I O N A L  L O S S E S  O F
C  W A T E R  F R O M  L A Y E R  J
2 7 5  C A L L  R 0 0 T R 3 ( W , J , £ 2 6 0 )
C  C O M P U T E  T H E  A M O U N T  O F  W A T E R  A N D  N I T R A T E  D E P L E T E D  B Y  P L A N T S  F R O M  L A Y E R  J
W E T  = W T ( I , P A N )* W  
Q N P = Q P (  I ) * W
IF ( P A N . E O . O . )  0 N P = 0 .  
3 2 0  W B = W E ( I— 1 , J )
Q N B = O N E ( ( I - I ) , J >  
G 0 T 0 3 5 0
C  I N I T I A L I Z E  C O N D I T I O N S  F O R  S E C O N D  S T A G E  O F  S I M U L A T I O N .
C  N O T E :  W H E N  B O T H  R A I N F A L L  A N D  I R R I G A T I O N  O C C U R  O N  T H E  S A M E  D A Y ,
C I R R I G A T I O N  IS C O N S I D E R E D  F O R  T H E  F I R S T  S T A G E  O F  S I M U L A T I O N ,  A N D
C R A I N F A L L  F O R  T H E  S E C O N D
347 W B = W F ( I , J )
O N B = O N F ( I , J)
W E T  = 0 . 0  
0 N P = 0 .0  
SI N O (1)=S U M W O (1)* C A (1)
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C  B E G I N  I N F I L T R A T I O N  P R O C E S S .  D E T E R M I N E  T H E  A M O U N T  O F  W A T E R  A N D  N I T R A T E  
C  P R E S E N T  I N  L A Y E R  J A T  T H E  E N D  O F  T H I S  P R O C E S S
3 5 0  C A L L  Z C U R V E  (S U M W O , S I N O , N , J )
C  I F < ( I . E 0 . 4 ) . A N D . < J . E Q . 3 ) ) C A L L  S Y S E R R
C C A L C U L A T E  T H E  A M O U N T  O F  W A T E R  A N D  N I T R A T E  I N  L A Y E R  J A F T E R  T H E  P L A N T
C U P T A K F
u r = W F l ( 11 —  W P  
3 2 5  I F  ( W C - W E T )  3 3 0 , 3 4 0 , 3 4 0  
3 3 0  S U M W N = S U M W N + ( W C - W E T )
W E T = W C  
G O  T O  3 2 5
3 4 0  I F (W E  1 ( J J . G T . W F C )  G O T O  3 4 4  
W E T = W E T * W C / W F C
G O T O  3 4 1
3 4 4  IF ( J . G T . 2 )  G O T O  3 4 1  
S 0 W = W E T * W E 1 ( 2 ) / W F C - W E T
3 4 1  W E 1 ( J ) = W E 1 ( J ) - W E T
Q N C = Q N E 1 ( J ) * ( W E 1 ( J ) - W P ) / W E 1 ( J )
3 4 2  I F ( Q N C - Q N P ) 3 4 5 , 6 6 , 6 6
3 4 5  S U M N N = S U M N N + ( Q N C - Q N P )
O N P = O N C
G O  T O  3 4 2  
6 6  O N E  1 ( J )= Q N E 1 (J ) - Q N P
C  S U M  U P  T H E  D A I L Y  U P T A K E  O F  W A T E R  A N D  N I T R A T E  B Y  P L A N T S  F R O M  L A Y E R  J
6 8  S U M P W = S U M P W + W E T  
S U M P N = S U M P N + Q N P  
I F ( W E K J ) . G E . S M )  S M = W E 1 ( J )  
4 0 0  C O N T I N U E
C B E G I N  R E D I S T R I B U T I O N
CALL W E N D (Z W O , Z N O , N , S M ,I ,W L U ,S O W )
W O K  1 ) = S U M W O (  1 )
W L O S S = W L O S S + W L U
C C O M P U T E  T H E  A M O U N T  O F  W A T E R  A N D  N I T R A T E  I N  L A Y E R  J A T  T H E  E N D  O F
C T H E  R E D I S T R I B U T I O N  P R O C E S S E S
D O  4 8 0  J = 2 , N  
W E ( I , J )= W E 1 (J )
99
Q N E ( I  * J )= O N E  1 ( J )
5 2 0  IF  ( O N E ( I , J ) » G E » A X A M ( I ) )  A X A M ( I ) * O N E ( I r J ) 
Z W A T = Z W A T + W E ( I ,  J )
Z O N = Z O N + O N E ( I f J)
4 8 0  C O N T I N U E
C P R O G R A M  F L O W  C O N T R O L  S P E C I F I C A T I O N S
C 1 1 = 1  F O R  R A I N F A L L  O R  I R R I G A T I O N  O N L Y
C 1 1 = 2  F O R  B O T H  R A I N F A L L  A N D  I R R I G A T I O N ,  F I R S T  S T A G E  O F  S I M U L A T I O N
C 1 1 = 3  F O R  B O T H  R A I N F A L L  A N D  I R R I G A T I O N ,  S E C O N D  S T A G E  O F  S I M U L A T I O N
G O  T O  ( 6 0 5 , 7 0 0 , 6 0 5 ) , 1 1 
6 0 5  W O  = W 0  + S U M W O (N )+ Z W O (N ) 
O N O  = Q N O  + S I N O ( N ) + Z N O ( N )
C A M O U N T  O F  W A T E R  A N D  N I T R A T E  E N T E R I N G  T H E  D R A I N  O N  A G I V E N  D A Y
6 0 0  W D = W O
Q N D = O N O  
W A P L = R A I N + I R R  
G O T O  2 2 2
7 0 0  W O  = W 0  + S U M W O (N ) + Z W O (N ) 
O N O  = Q N O  + S I N O ( N ) + Z N O ( N )  
S M = 0 . 0
D O  7 5 0  J = 1 , N  
Z W O ( J ) = 0 .
Z N O (J ) = 0 *
7 5 0  C O N T I N U E
C A L L  S U R A P 1 ( £ 3 4 6 )
C C O M P U T E  T H E  P P M  O F  N I T R A T E  I N  T H E  L E A C H E A T E ,  E N T E R I N G  T H E  D R A I N
2 2 2  IF ( W D . G T . O . O )  G O T O  6 0  
W D = 0 . 0  
0 N D = 0 . 0  
6 0  W D U ( I )= W D
I F ( W D . G E . T D ( 2 ) ) T D ( 2 ) = W 0  
IF  ( W D  . E Q . O . O )  G O  T O  3 9  
P P M = O N D  / ( W D  * 0 * 2 2 6 5 )
I F ( Q N D . G E . T P ( 2 ) ) T P ( 2 ) = 0 N D  
P P U ( I )= O N D  
G O  T O  4 1
3 9  P P M = 0 . 0
P P U ( I ) = 0 . 0  
4 1  Z R A I N = Z R A I N + R A I N + I R R
I F ( ( Z R A I N - S P O D ) . G E . 1 . 5 0 )  G O T O  1 0 4
I F ( I . F 0 . 6 . 0 R . I . E 0 . 2 0 . 0 R . I . E 0 .  4 6 . O R * I . E O . 7 7 ) G O T O  1 0 7
100
G O T O  105
104 S P O D = Z R A I N  
107 M = M + 1
I N ( M ) = I 
P H D (M )=ZRAIN 
P N O (M )=1— 1 
M M A X = M
105 N O D A T = N O DA T + l
I U ( I ) = ( 1- 0 . 5 ) / T I (2)
IV( I)=(I+0.5)/TI(2)
W R U ( I ) =RA I N / T R (2)
W F U (I ) = IRR/TF C 2)
WTU ( I )= W T (I , P A N )
IF ( W T U ( I ) . G E . T T ( 2 ) ) T T ( 2 ) *WTU(I) 
T R N S = W T (I , P A N )
P T M = O P (I )
IF(PAN.LE.O.O) P TN=0.0
C P R I N T  R E S U L T S
N C O N = C O N C  
I S = I —  1
C IF ( I . G E . 5 0 . A N D . I . L E . 6 0 )  G O T O  1 0 2
G O T O  8 9
1 0 2  W R I T E ( 6 , 2 )  I S t Z R A I N
2 F O R M A T ( ' 1 • , / / /  2 9 X , ' D I S T R I B U T I O N  O F  N I T R A T E  A N D  W A T E R  I N  T H E  S O I L
* P R O F I L E  A T  T H E  E N D  O F • , 1 4 , I X , • D A Y S , ' / •  ' , 2 8 X , * F O R  A T O T A L  O F ' ,  
$ F 5 .  1 *' I N C H E S  O F  R A I N F A L L  A N D  I R R I G A T I O N A L  W A T E R  A P P L I C A T I O N * )
W R I T  E ( 6 1 3 4 )
3 4  F O R M A T (' ' t 2 2 X , ' ----------------------------------------------------------------------
$------------------------------- »//i •)
W R I T E ( 6 , 1 3 )
1 3  F O R M A T  (' • » / /  3 X  » ' D A Y •» 2 X  r * M O N ' 1 2 X  * •Y R ' , 4 X f ' R A I N * , 4 X ,
1 ' P A N *  t 6 X f • I R R G ' » 5 X , ' C O N *  t 5 X f •P L A N T - N » , 6 X , ' P L A N T - W ' ♦
1 4 X , ‘L R Z  * 1 4 X  t •D R N - W ' 16X t 'D R N - N ' » 5 X * ' P P M *  r6 X , • T - W - I N • , 3 X , » D A Y • /• •)
8 9  IF ( I . E 0 . 4 9 . 0 R . I . E Q . 9 8 )  W R I T E  ( 6 , 1 2 )
1 2  F O R M A T ( • 1 • ♦ / / / /  4 X , ' T A B L E  2 .  C O N T I N U E D ' )
IF ( I . E 0 . 4 9 . 0 R . I . E 0 . 9 8 )  W R I T E  ( 6 , 1 3 )
W R I T E  ( 6 , 4 )  N D A Y , M O N , N Y , R A I N , P A N , I R R » N C O N , P T N , T R N S » R Z L » W D , Q N D ,  
* P P M , Z R A I N , I S
4  F O R M A T ( ' ' , 3 X , I 2 , 2 X , I 2 , 3 X , I 2 t 4 X , F 5 . 2 , 4 X , F 4 . 2 , 3 X , F 6 . 2 , I 7 , 1 P 2 E 1 3 . 2 ,  
1 4 X , O P F 4 . 1, 4 X , 0 P F 6 . 3 ,  4 X ,  0 P F 6 . 1 ,  4 X , 0 P F 6 . 1 ,  5 X ,  0 P F 5 . 2 ,  4 X ,
1 O P I  3)
C IF ( I . G E . 5 0 . A N D . I . L E . 6 0 )  G O T O  7 7
G O T O  8 8
C T H I S  S U B R O U T I N E  G I V E S  T H E  P R I N T E R  P L O T S  O F  N I T R A T E  A N D  W A T E R  D I S T R I B U T I O N
C I N  T H E  S O I L  P R O F I L E
7 7 C A L L  P R L T 2 ( I , A X A M )
8 8  S U M A N = S U M A N + R A I N * R C O N + I R R * C O N C  
S U M A W = S U M A W + R A I N + I R R  
S U M D W = S U M D W + W D  
S U M D N = S U M D N + Q N D  
I S U M =  I S U M + l  
G O  T O  9 9 9  
3 3 3  D O  2 3  J = 2 t N
S U M E L W =  S U M E L W + W E ( I S U M  t J )  
S U M E L N = S U M E L N + O N E ( I S U M  , J )
S U M I W = S U M I W +  W E ( 1 9J )
S U M I N = S U M I N + Q N E ( 1 t J )
2 3  C O N T I N U E
T D ( 2 ) =  T D ( 2 ) / 6 . 0  
C A L L  R O U N D S  ( T O )
T P ( 2  ) =  T P ( 2 ) * 1 .  5 0 / 6 . 0  
C A L L  R O U N D S  ( T P )
T T ( 2 ) - T T ( 2 ) / 6 . 0  
C A L L  R O U N D S  ( T T )
T T ( 2  ) - T T ( 2 ) * 1 . 2 5  
D O  5 1  I = 2 , N 0 D A T  
W W U ( I ) =  W D U ( I ) / T D ( 2 )
P M U ( I ) =  P P U ( I ) / T P ( 2)
W T U ( I ) “W T U ( I ) / T T ( 2 )
5 1  C O N T I N U E
D O  1 1 1 0  L L * l t 2
R E A D ( 81 1 1 1 1 )  ( S S G E ( K K , L L ) t  K K * 1 , 1 2 )
1 1 1 1  F O R M A T ( 1 2 A 4 )
1 1 1 0  C O N T I N U E
C  P E R F O R M  A N  O V E R A L L  M A S S - B A L A N C E  O N  T H E  S Y S T E M  T O  D E T E R M I N E  T H E
C  A C C U R A C Y  O F  C O M P U T A T I O N S
A Z - S U M A N + S U M I N
B Z * S U M A W + S U M I W
C Z =  S U M P N + S U M D N + S U M E L N
D Z = S U M P W + S U M D W + S U M E L W + S U M W R + W L O S S
W R I T E ( 6 , 2 7 )
2 7  F O R M A T ( 1 1 » / / / / / •  • t 2 5 X , « T O T . N - D R A I N * , 5 X t • T T . W A T - D R A I N * , 5 X , » T O T  P L T  
1 - N * , 5 X , • T O T . P L T - W A T E R * )
W R I T E ( 6 , 2 8 ) S U M D N t  S U M D W t  S U M P N » S U M P W  
2 8 F O R M A T ( • 0 ' r 2 6 X , F 7 . 2 , 9 X r F 6 . 2 , 1 O X , F 7 • 2 « 1 0 X , F 6 • 2 )
W R I T E ( 6 , 2 4 )
24 F O R M A T ( »0» / / / •  • , 2 5 X , ' T O T . I N - N ' t 1 0 X , • T O T . O S - N ' , 9 X , • T O T . I N - W * , 
1 9 X , ' T O T . O S - W  •)
W R I T E ( 6 t 2 6 ) A Z » C Z * B Z * D Z  
26 F O R M A T (*0'» ? 5 X ,F 7 . 2 , 1 0 X ,F 8 . 2 , 1 2 X ,F 0 7 . 2 » 1 2 X , F 5 . 2 /• 1 • )
C C A L L  C A L C O M P  S U B R O U T I N E S  F O R  P L O T T I N G  T H E  R E S U L T S
N 0 P D N = N 0 D A T + 1
102
I l M N O P O N ) =  ( N 0 P O N - O . 5 ) / T I < 2 )
I V ( N O P O N )= ( N O P O N +  0 . 5 ) / T I ( 2 )
W R U ( N O P O N ) = 0 . 0  
W F U ( N O P O N ) = 0 . 0  
O P U ( N O P O N ) = 0 . 0  
W T U (N O P O N ) = 0 . 0  
W W U ( N O P O N ) = 0 . 0  
P M U ( N O P O N ) * 0 . 0  
R E A D ( 8 , D A T A  1)
W R I T E ( 6 , D A T A 1 )
2 2 2 2  C A L L  C C P 1 P L ( 4 . 0 , 2 . 0 , - 3 )
C A L L  C C P 2 S Y ( 0 . 5 0 , - 0 . 7 5 * 0 . 1 0 * ' F I G U R E  6 :  R A I N F A L L  A N D  I R R I G A T I O N  A
♦  P P L  I C A T  I O N  * * 0 . 0 * 4 7 )
C A L L  C C P 2 S Y  ( 1 . 5 3 , - 1 . 0 * 0 . i * 'A S  A F U N C T I O N  O F  T I M E • * 0 . 0 * 2 1 )
C A L L  C C P 2 S Y ( 2 . 0 * 6 . 2 7 5 * • 0 8 * * R A I N F A L L  I N P U T  F O R  S I M U L A T I O N * * 0 . 0 * 2 9 )  
C A L L  C C P 2 S Y ( 2 . 0 * 6 . 0 2 5 * . 0 8 * • I R R I G A T I O N  D U R I N G  S I M U L A T  I O N •* 0 . 0 * 2 8 )  
C A L L  C C P 5 A X ( 0 . 0 * 0 . 0 * ' T I M E  I N  D A Y S ' * - 1 2 * 5 . 0 * 0 . 0 * T I )
C A L L  C C P 5 A X ( 0 . 0 * 0 . 0 * ' R A I N  A N D  I R R I G A T I O N  I N  I N C H E S * *  2 9 * 6 . 0 * 9 0 . 0 *  
1 T R  )
C A L L  C C P H L N (6)
C A L L  P L T H G M ( W R U * N O P O N * 0 . 0 0 * 0 . 0 0 )
C A L L  P L T H G M ( W F U * N O P O N * 0 . 0 5 * 0 . 0 5 )
C A L L  C C P l P L ( 9 . 5 * 0 . 0 * - 3 )
C A L L  C C P 5 A X ( 0 . 0 * 0 . 0 * «  E V A P O T R A N S P I R A T I O N  I N  I N C H E S  ' * 3 0 * 6 . 0 * 9 0 . 0 *  
I T T )
C A L L  C C P l P L < 0 . 5 0 * 0 . 0 * - 3 )
C A L L  C C P 5 A X ( 0 . 0 * 0 . 0 » * P L A N T  U P T A K E  O F  N I T R O G E N  (L B S / A C R E ) • * 3 5 * 6 . 0 *  
1 9 0 . 0 *  T N )
C A L L  C C P 5 A X ( 0 . 0 * 0 . 0 * ' T I M E  I N  D A Y S » * - 1 2 * 5 . 0 * 0 . 0 * T I )
R E A D ( R * D A T A 2 )
W R I T E (6 * D A T A 2 )
C A L L  C C P 2 S Y ( 2 . 0 * 6 . 2 7 5 * . 0 8 * ' D A I L Y  E V A P O T R A N S P I R A T I O N ' * 0 . 0 , 2 4 )
C A L L  C C P 2 S Y ( 2 . 0 * 6 . 0 2 5 * . 0 8 * ' D A I L Y  P L A N T  U P T A K E  O F  N I T R O G E N * * 0 . 0 * 3 0 )  
C A L L  P L T H G M  (W T U * N O P O N * 0 . 0 0 * 0 . 0 0 )
C A L L  C C P 2 S Y ( 0 . 5 0 , - 0 . 7 5 0 * 0 . 1 * S S G E ( 1 * 1 ) * 0 . 0 * M S N ( 1 ) )
C A L L  C C P 2 S Y ( l . 5 3 , - 1 . 0 0 0 , 0 . 1 , S S G E ( 1 , 2 ) , 0 . 0 , M S N ( 2 ) )
C A L L  C C P H L N (6)
D O  1 8 1  1 = 2 , N O D A T  
Q P U ( I )= Q P ( I ) / T N ( 2 )
F A = W T ( I , P A N )
IF ( F A . L E . O . O )  0 P U ( I ) = 0 . 0  
1 8 1  C O N T I N U E
C A L L  P L T H G M  ( O P U , N O P O N , 0 . 0 4 , 0 . 0 3 )
5 5 5 5  C A L L  C C P 1 P L  ( 9 . 5 , 0 . 0 , - 3 )
C A L L  C C P 5 A X  ( 0 . 0 , 0 . 0 , ' W A T E R  L E A C H I N G  I N T O  T H E  D R A I N  ( I N ) ' , 3 4 * 6 . 0 * 
* 9 0 . 0 , T D )
C A L L  C C P 1 P L  ( 0 . 5 0 * 0 . 0 , - 3 )
C A L L  C C P 5 A X  ( 0 . 0 * 0 . 0 * ' N I T R A T E  E N T E R I N G  T H E  D R A I N  (L B S ) ' * 3 2 * 6 . 0 *  
* 9 0 . 0 , T P )
CALL C C P 5 A X ( 0 . 0 , 0 . 0 , 'TIME IN D A Y S ' , - 1 2 , 5 . 0 , 0 . 0 , T I )
C A L L  C C P 2 S Y ( 2 . 0 , 6 . 2 7 5 , . 0 8 , ' D R A I N A G E  L O S S E S  O F  W A T E R  T O  T H F  D R A I N ' ,  
* 0 . 0 , 3 7 )
C A L L  C C P 2 S Y ( 2 . 0 , 6 . 0 2 5 , 0 . 0 8 , ' L E A C H I N G  L O S S E S  O F  N I T R A T F  T O  T H E  D R A I  





R E A D  ( 8 » D A T A 3 )
W R I T E  ( 6 , D A T A 3 )
C A L L  C C P H L N (6)
C A L L  C C P 2 S Y < 0 . 5 0 , - 0 . 7 5 0 , 0 . I , W R I T ( 1 , 1 1 , 0 . 0 , M S N ( 3 ) )  
C A L L  C C P 2 S Y ( 1 . 5 3 , - 1 . 0 0 0 , 0 . 1 , W R I T ( 1 , 2 ) , 0 . 0 , M S N ( 4 ) ) 
C A L L  P L T H G M  ( W W U , N 0 P 0 N , 0 . 0 0 , 0 . 0 0 )
C A L L  P L T H G M  ( P M U , N 0 P 0 N , 0 . 0 3 , 0 . 0 3 )
3 3 3 3  D O  9 6  I = 2 , N 0 D A T  
P P  C I ) = Q P ( I )
A X (  I ) = I 
9 6  C O N T I N U E
T H I S  S U B R O U T I N E  G I V E S  C A L C O M P  P L O T S  O F  N I T R A T E  D I S T R I B U T I O N S  I N  T H E  
S O I L  P R O F I L E  A T  T H E  E N D  O F  E V E R Y  I N C H  O F  ( S U R F A C E )  W A T E R  I N P U T .  
( F O U R  D I S T R I B U T I O N S  P E R  P L O T )
R E A D  ( 8 , D A T A 4 )
W R I T E  ( 6 » D A T A 4 )
C A L L  V E R T P L (N ,A X A M , M M A X , I N , P H D , P N O )










B L O C K  D A T A
T H I S  B L O C K  D A T A  S U B P R O G R A M  I N I T I A L I Z E S  L A B E L L E D  C O M M O N  D A T A  O F  S T A N D A R D  
M A T H E M A T I C A L  C O N S T A N T S ,  U S E D  IN  T H E  P R O G R A M ,  S O  A S  T O  A V O I D  R E P E T A T I O N  
I N  O T H E R  S U B R O U T I N E S
C O M M O N  / L 0 C 1 / N D A Y , M 0 N  
C O M M O N  / L 0 C 2 / R A I N , I R R , C 0 N C ,11 
C O M M O N  / L 0 C 3 / I , K
C O M M O N  / L 0 C 4 /  W E T ,W B , O N B , W E 1 ( 5 0 )
C O M M D N / L O C 5 / O N E ( 1 2 5 , 4 2 ) *  W E ( 1 2 5 , 4 2 )
C O M M O N / L 0 C 6 / I U ( 1 3 0 ) , I V ( 1 3 0 )
C O M M O N  / L 0 C 7 /  C A ( 5 0 ) , O N E 1 ( 5 0 )
C O M M O N / L 0 C 8 / X C O (8 ) , Y C O  ( 8.) ,T A X  ( 8 ) * & S L  (8 ) , B L  (8 ) , C H Z  ( 8 ) 
C 0 M M 0 N / C 0 N 1 / S U M D W , S U M D N , S U M W N , S U M N N  
C O M M O N / C 0 N 2 / S U M E L N , S U M E L W , S U M A N , S U M A W , S U M P N , S U M P W  
C O M M O N  / C 0 N 3 /  H M A X , P , W F C t W M C , W P , D L  
C 0 M M 0 N / C 0 N 4 / E T A ( 8 0 )
C 0 M M 0 N / C 0 N 5 / N
D A T A  S U M D W , S U M D N , S U M W N , S U M N N , S U M E L W , S U M E L N , S U M A W , S U M P W ,  
1 S U M P N , S U M A N / 1 0 * 0 . 0 /
D A T A  H M A X , P ,D L ,W F C ,W M C / 0 7 . , 0 . 5 , 1 . 5 , 0 . 4 0 , 0 . 6 0 / , W P / O . 0 5 /  
D A T A  E T A / 0 . 4 2 1 , 0 . 2 8 2 , 0 . 1 9 1 , 0 . 1 0 6 , 7 6 * 0 . 0 /
D A T A  N / 4 1 /
E N D
S U B R O U T I N E  C O N D A Y ( I , * , * )
T H I S  S U B R O U T I N E  C O M P U T E S  T H E  T I M E  V A R I A B L E  I ( D A Y S )  
N D =  D A Y ?  M =  M O N T H
C O M M O N / L 0 C 1 / N D , M  
I F ( N D . E O . O )  R E T U R N 1
I F ( ( M . G E . 5 ) . A N D . ( M . L T . 7 ) ) G O T O  1 0 1 0  
I F ( ( M . G E . 7 ) . A N D . ( M . L T . 9 ) ) G O T O  1 0 2 0  
IF ( M . G T . 9 )  R E T U R N 2  
I = N D + (M — 5 ) * 3 0 + ( M — 4)
R E T U R N
I = N D + ( M - 5 ) * 3 0 + ( M - 5 )
R E T U R N
E N D
107
F U N C T I O N  O P ( I )
C  S U B R O U T I N E  F O R  D E T E R M I N I N G  D A I L Y  P L A N T  U P T A K E  O F  N I T R O G E N  ( O P )
1 1 0  I F ( ( I . G E . 0 2 ) . A N D . ( I . L T . 3 1 ) ) G O T O  1 2 0  
I F ( ( I . G E . 3 1 ) . A N D . < I . L T . 4 0 ) ) G O T O  1 3 0  
I F ( ( I . G E . 4 0 ) . A N D . ( 1 . L T . 6 4 ) )  G O T O  1 4 0  
I F ( ( I . G E . 6 4 ) . A N D . ( I . L T . 7 2 ) ) G O T O  1 5 0  
I F ( ( I . G E . 7 2 ) . A N D . ( I . L T . 8 0 ) ) G O T O  1 6 0  
I F ( ( I . G E . 8 0 ) . A N D . ( I . L T . 8 7 ) ) G O T O  1 7 0  
I F ( ( I . G E . 8 7 ) . A N D . ( I . L T . 1 3 6 ) ) G O T O  1 8 0  
I F U . G T . 1 3 6 )  G O T O  1 9 0  
1 2 0  Q P = 0 . 0  
R E T U R N  
1 3 0  Q P =  0 . 4 8 3 * 1 — 1 4 . 9 9  
R E T U R N  
1 4 0  Q P =  0 . 2 7 2 * 1 - 6 . 6  
R E T U R N  
1 5 0  Q P = 2 . 1 2 5 * 1 - 1 2 4 . 8  
R E T U R N  
1 6 0  0 P = 0 . 5 * 1 - 8 .
R E T U R N  
1 7 0  O P = - 1 . 9 8 2 * 1 + 1 9 1 .
R E T U R N  
1 8 0  Q P = - 0 . 2 2 7 * 1 + 3 8 . 0 5  
R E T U R N  
1 9 0  Q P = 0 . 0  
R E T U R N  
E N D
S U B R O U T I N E  R O O T Z ( D )
C S U B R O U T I N E  F O R  D E T E R M I N I N G  T H E  D E P T H  O F  R O O T  Z O N E  F O R  A G I V E N  D A Y  I
CO M M O N  /L0C3/I,K 
200 I F ( ( I . G E . 0 2 ) . A N D . ( I . L T . 2 0 ) ) G O T O  210 
I F ( ( I . G E . 2 0 ) . A N D . ( I . L T . 5 5 ) ) GOTO 220 
IF (I.GE.55) GO TO 230 
210 RZ = 12.0 
G O T O  240 
220 R Z = 0 . 6 9 * ( I — 20)+12.0 
GOTO 240
230 R Z =36.0 
240 D=RZ/4.




C S U B R O U T I N E  F O R  D E T E R M I N I N G  S U R F A C E  I N P U T  O F  W A T E R  ( R A I N F A L L  A N D / O R
C I R R I G A T I O N ) ,  A N D  ( I T S / T H E I R )  C O N C E N T R A T I O N  O F  N I T R A T E ,  O N  A G I V E N  D A Y  I
C I B = 1 F O R  E I T H E R  R A I N F A L L  O R  I R R I G A T I O N
C I B=*2 F O R  B O T H  R A I N F A L L  A N D  I R R I G A T I O N ,  B U T  O N L Y  I R R I G A T I O N  IS C O N S I D E R E D  
C F O R  F I R S T  S T A G E  O F  S I M U L A T I O N
C I B = 3  S A M E  A S  IB  = 2,  B U T  O N L Y  R A I N F A L L  I S  C O N S I D E R E D  F O R  T H E  S E C O N D  S T A G E
C W R =  R A I N F A L L ?  W F =  I R R I G A T I O N ;  C F =  C O N C E N T R A T I O N
D I M E N S I O N  W O ( 1) , C A < 1) 
C O M M O N / L O C 2 / W R , W F , C F , I B  
I B =  1
I F ( W R ) 2 0 0 0 , 2 0 0 0 , 3 0 0 0  
2 0 0 0  I F ( W F > 4 0 0 0 , 4 0 0 0 , 5 0 0 0  
3 0 0 0  I F ( W F ) 6 0 0 0 , 6 0 0 0 , 7 0 0 0  
4 0 0 0  W 0 ( 1 ) = 0 .
C A (1) = 0 •
R E T U R N  
5 0 0 0  W 0 ( 1 ) = W F  
C A ( 1 ) = C F  
R E T U R N  
6 0 0 0  W 0 ( 1 ) = W R
C A ( 1 ) = 0 • 5 5  
R E T U R N
E N T R Y  S U R A P K * )
7 0 0 0  I B = I B + 1
G O  T O  ( 5 0 0 0 , 5 0 0 0 , 8 0 0 0 ) , IB 
8 0 0 0  W 0 ( 1 ) = W R
C A (1)=0•55 







SUBROUTINE R O O T R 1(N , S U M )
S U B R O U T I N E  F O R  D E T E R M I N I N G  T H E  F R A C T I O N  O F  T H E  T O T A L  A M O U N T  O F  
E V A P O T R A N S P I R A T I O N A L  L O S S E S  O F  W A T E R  F O R  L A Y E R  J, O N  A G I V E N  D A Y  I 
T H I S  F R A C T I O N  I S  R E P R E S E N T E D  B Y  U  I N  T H E  P R O G R A M  
( R E F E R  T A B L E  , F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
D I M E N S I O N  S U M (N )
C O M M O N  / C O N 3 /  H M A X , P » W F C » W M C ? W P * D L  
C 0 M M 0 N / C 0 N 4 / E T A ( 8 0 )
R E T U R N
E N T R Y  R O O T R 2 ( D)
C O M M O N  / L O C 3 / I » K  
C A L L  R O O T Z ( D )
R E T U R N
E N T R Y  R O O T R 3 ( U , J t *)
R Z = 4 * D
I F ( R Z . L E . D L )  R E T U R N 1  
I F ( K . G T . A )  G 0 T 0 2 9 0  
I F ( D L / D - 1 # 0 ) 2 8 0 ? 3 0 0 » 3 0 1  
2 8 0  I F < ( J - 1 ) . G E . K * D / D L )  G O T O  2 8 5  
U = E T A (K )# D L / D  
R E T U R N
2 8 5  B = ( K * D / D L - J + 2 ) * E T A ( K )
K = K + 1
I F ( K . G T . 4 )  E T A ( K ) = 0 . 0  
U = ( B + ( (J - 1 ) - ( K - 1 ) * D / D L ) * E T A ( K ) ) * D L / D  
R E T U R N  
2 9 0  U = 0 .
R E T U R N
3 0 0  U = E T A (K )
K = K +  1 
R E T U R N
3 0 1  N I = 2
S U M ( 1 ) = 0 .
V = (D - (J - 2 )* D L + ( K - 1)* D )
I F ( V . L T . O . )  V = 0 .
S = V * E T A (5  ) / D  
3 0 5  K = K + 1
I F ( K . G T . 4 )  E T A ( K ) = 0 * 0  
I F ( K . G E , ( J - 1 ) * D L / D )  G 0 T 0 3 1 0  
S U M ( N I ) = S U M ( N I - 1 )+ E T A ( K )
N I = N I + 1  
G O T O  3 0 5
3 1 0  U = S U M (N I — 1 ) + ( ( J — 1 ) * D L ~ ( K - 1 ) * D ) * E T A ( K ) / D + S
R E T U R N
E N D
106
F U N C T I O N  W T ( I t P E )
C  T H I S  S U B R O U T I N E  D E T E R M I N E S  T H E  D A I L Y  E V A P O T R A N S P I R A T I O N A L  L O S S E S  O F  W A T E R
C W T =  D A I L Y  E V A .  T R A N S .  L O S S E S ;  P E  = O P E N  P A N  E V A P O R A T I O N
9 9  I F ( ( I . G E . 2 ) . A N D . ( I . L T . 2 0 ) ) G O T O  2 0  
I F ( < I . G E . 2 0 ) • A N D . ( I . L T . 3 1 ) )  G O  T O  2 5  
I F ( ( I . G E . 3 1 ) . A N D . ( I . L T . 5 1 ) ) G O T O  3 0  
I F ( ( I . G E . 5 1 ) . A N D . ( I . L T . 7 6 ) ) G O T O  4 0  
I F ( ( I . G E . 7 6 ) . A N D . ( I . L T . 8 6 ) )  G O T O  5 0  
I F (( I . G E . 8 6 ) . A N D . ( I . L T . 1 0 1 ) ) G O T O  6 0  
I F ( ( I . G E . 1 0 1 ) . A N D . ( I . L T . 1 1 5 ) )  G O  T O  7 0  
I F ( ( I . G E . 1 1 5 ) . A N D . ( I . L T . 1 3 6 ) ) G 0 T 0 8 0  
I F ( ( I . G E . 1 3 6 ) . A N D . ( I . L T . 1 4 3 > )  G O T O  9 0  
I F ( ( I . G E . 1 4 3 ) . A N D . ( I . L E . 1 5 3 ) ) G O  T O  1 0 0  
2 0  W T = 0 . 3 6 * P E  
R E T U R N
2 5  W T =  < 0 . 0 0 1 8 * 1 + 0 . 3 3 ) * P E  
R E T U R N
3 0  W T  *( 0 . 0 0 2 7 * 1  +  0 . 2 5 ) * P E  
R E T U R N
4 0  W T = ( 0 . 0 1 1 6 * 1 - 0 . 1 3 ) * P E  
R F T U R N
5 0  W T  =( 0 . 0 0 5 0 * 1 + 0 . 3 0 ) * P E  
R E T U R N  
6 0  W T  = 0 . R O * P E  
R E T U R N
7 0  W T = ( - 0 . 0 0 3 6 * 1 + 1 . 2 0 ) * P E  
R E T U R N
8 0  W T = ( - 0 . 0 0 8 6 * 1 + 1 . 6 7 ) * P E
R E T U R N
9 0  W T = ( - 0 . 0 2 7 0 * 1 + 4 . 2 8 ) * P E  
R F T U R N
1 0 0  W T = ( - 0 . 0 0 4 0 * 1 + 0 . 9 1 ) * P E
R E T U R N
E N D
SU B R O U T I N E  Z C U R V E <W O , S I N O , N , J )
A P R O G R A M  F O R  T H E  I N F I L T R A T I O N  P R O C E S S
T H I S  P R O G R A M  E V A L U A T E  T H E  A M O U N T  O F  W A T E R ,  W E 1 ( J ) ,  A N D  T H E  A M O U N T  
N I T R A T E ,  Q N E l ( J ) ,  I N  L A Y E R  J A T  T H E  E N D  O F  I N F I L T R A T I O N  P R O C E S S
W O =  O U T F L O W  O F  W A T E R  F R O M  L A Y E R  J D U E  T O  I N F I L T R A T I O N  
( R E F E R  T A B L E  , F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
D I M E N S I O N  W O ( N ) * S I  N O (N )
C O M M O N  / L 0 C 4 /  W E T , W B , O N B , W E  I ( 5 0 )
C O M M O N  / L 0 C 7 /  C A ( 5 0 ) , O N E 1 ( 5 0 )
C O M M O N  / C 0 N 3 /  H M A X , P , W F C , W M C , W P , DL 
D A T A  A , B  / O . 2 0 , 0 . 5 0 /
A =  0 . 0  
B = W M C - W F C  
Q N W P = O N B * W P / W B  
Q N F C = Q N B * ( W B - W F C ) / W B  
W R E = W B + W O ( J - l )
W 0 ( J ) = W R E - W M C
I F  ( W 0 < J ) . L E . 0 . 0 )  W 0 ( j ) = 0 . 0  
W E I (J ) = W R E - W O ( J )
I F ( W O ( J ) . L F . 0 . 0 1 ) G O T O  4 2  
A N F C = (W B - W F C ) * Q N B / W B
C S = (A N F C + ( W M C — W B )* C A ( J - 1 ) ) / ( W E  1 ( J )- W F C ) 
I F ( A N F C . L E . O . O )  C S = C A ( J - 1 )
C O = ( W O ( J ) - A ) * ( C A ( J - 1 ) - C S ) / ( B - A ) + C S
I F ( ( W 0 ( J ) . L T . A ) . A N D . ( C A ( J - l ) . G T . 5 . 0 ) ) G O T O  1 0
I F ( ( W 0 ( J ) . G T . A ) . A N D . ( C A ( J - l ) . G T . 5 . 0 ) ) G 0 T 0 2 0
I F ( C A (J - l ) . L T . 5 . 0 )  G O T O  3 0
S I N O ( J ) = C S * A + ( C S + C O ) * ( W 0 ( J ) - A ) / 2 . 0
G O T O  4 5
S I N O ( J ) = C S * W O ( J )
G O T O  4 5
S I N O ( J ) - C S * A + ( C S + C A ( J - l ) ) * ( B - A ) / 2 . 0 + ( W 0 ( J ) — B ) * C A ( J — 1) 
G O T O  4 5
S I N O ( J ) = A N F C * W O ( J ) / ( W M C - W F C + W O (J ))
G O T O  4 5  
S I N 0 ( J ) = 0 . 0
I F ( S I N 0 ( J ) . L T . 0 . 0 )  SI N O (J )=0.0 
O N E  1 ( J )= Q N B + S I  N O (J - l ) - S I  N O (J )
I F ( O N F K J ) . G T . O N W P )  G O T O  5 0  
S I N O ( J ) = S I N O ( J ) - ( O N W P - O N E 1 ( J ))
I F ( S I  N O ( J ) . L E . O . O )  SI  N O ( J ) = 0 . 0  
O N E  1 ( J ) = O N W P  
I F ( W O ( J ) . L E . 0 . 0 0 1 )  G O T O  5 5  
C A ( J )= S I  N O (J ) / W O (J )
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G O T O  6 0  
5 5  C A ( J ) = 0 * 0  
6 0  R E T U R N  
E N D
S U B R O U T I N E  C C P H L N  ( I M »
C L I N E  B E T W E E N  T W O  G I V E N  P O I N T S  , I N  A C A L C O M P  P L O T T E R .
C  T H I S  S U B R O U T I N E  D R A W S  A S O L I D  L I N E *  D A S H - D A S H , O R  D A S H - D O T - D A S H  H O R I Z O N T A L
C  X C O ( K ) , Y C O ( K > ,  = I N I T I A L  X A N D  Y C O O R D I N A T E S  O F  T H E  L I N E .  T A X ( K ) =  T O T A L
C  L E N G T H  O F  T H E  L I N E .  D S L ( K ) =  L E N G T H  O F  T H E  D A S H .  B L ( K ) =  L E N G T H  O F
C  B L A N K  S P A C E  B E T W E E N  T W O  D A S H E S ;  T H E  D O T ,  IF  N E E D E D ,  W I L L  B E  A T  T H F  C E N T R E
C  O F  T H I S  B L A N K  S P A C E .  C H Z =  C H A R A C T E R  S I Z E .
C 0 M M 0 N / L 0 C 8 / X C 0 < 8 ) , Y C 0 ( 8 ) , T A X ( 8 ) , D S L < 8 ) , B L ( 8 ) , C H Z < 8 )  
D O  2 0  K = 1 , IM 
X X = X C O ( K )
C A L L  C C P 1 P L ( X C 0 ( K ) , Y C 0 ( K ) ,3)
IF ( B L ( K ) . G T . O . O )  G O T O  5
C A L L  C C P 1 P L ( ( X C O ( K ) + T A X ( K ) ) , Y C O ( K ) ,2)
G O T O  2 0
5 M =  T A X (K ) / ( B L (K )+ D S L {K )) + 1
D O  15 I * 1 , M  
X C O ( K ) = X C O ( K ) + D S L ( K )
C A L L  C C P 1 P L ( X C 0 ( K ) , Y C 0 ( K ) , 2 )
X C 0 ( K ) = X C 0 ( K ) + B L ( K ) / 2 . 0  
I F ( C H 7 ( K ) . L E . O . O )  G O T O  10
C A L L  C C P 2 S Y ( X C O ( K ) , Y C O ( K ) , C H Z ( K ) , 7 5 , 0 . 0 , - 1 )
1 0  X C O (K )= X C O ( K ) + B L ( K ) / 2 . 0
C A L L  C C P  1 P L ( X C O (K ) , Y C O (K ) , 3 )
1 5  C O N T I N U E  
X C O ( K ) = X X  
2 0  C O N T I N U E  
R E T U R N '
E N D
SUBROUTINE WEND (ZWOtZNOtN,SM,I ,WLU»SOW)
P R O G R A M  F O R  S O I L  M O I S T U R E  R E D I S T R I B U T I O N  P R O C E S S
( R E F E R  T A B L E  t F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
D I M E N S I O N  Z W 0 ( N ) t D M W ( 5 0 ) , C U M <  5 0 ) , W E 2 ( 5 0 ) , D M N < 5 0 ) t Z N O ( N ) , R S ( 5 0 )  
C O M M O N  / L 0 C 4 /  W E T , W B t Q N B , W E  1 ( 5 0 )
C O M M O N  / L 0 C 7 /  C A ( 5 0 ) ♦ O N E  1 ( 5 0 )
C O M M O N  / C 0 N 3 /  H M A X , P f W F C , W M C , W P , D L  
W E 2 ( 1 ) = 0 * 0  
A W A = 0  * 0  
W E  1 ( 1 ) = 0 . 0  
W L U = 0 . 0  
W M = W M C - W F C  
W W P = W M C - W P  
D M W ( 1 ) = 0 .
D M N ( 1 ) = 0 •
V I Z = 0 . 0  
D M N ( N + l ) = 0 * 0  
S M = 0 . 0  
D O  2 J =  2 r N  
S M = S M + W E 1 ( J )
C O N T I N U E  
S M = S M / F L O A T ( N — 1 )
B E G I N  D O W N W A R D  R E D I S T R I B U T I O N  P R O C E S S
M =  N U M B E R  O F  T I M E S  T H E  S O I L  M O I S T U R E  D I S P L A C E M E N T  O C C U R  I N  L A Y E R  
F O R  A  G I V E N  D A Y  I
M = ( S M * H M A X + 0 . 5 * W M C ) / ( W M C * D L  ) 
I F ( M . L T . l )  M = 1 
D O  1 5  K = 1 1 M
D E T E R M I N E  S O I L  M O I S T U R E  A N D  N I T R O G E N  S T A T U S  I N  L A Y E R  J A T  T H E  
E N D  O F  E A C H  C Y C L E  O F  D O W N W A R D  D I S P L A C E M E N T  O F  S O I L  M O I S T U R E
0 0  1 0 1  J =  2 * N  
W B = W E 1 ( J )
O N B = O N E 1 ( J )
Q N W P = Q N B * W P / W B
S W S  = W F 1 ( J ) +  O M W < J - 1 )
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IF ( S W S . G T . A W A )  S W S = A W A
IF (W F 1 (J ) . G E •A W A ) SWS=WE1(J)
S P C = M W E 1 (  J ) + S W S ) / 2 . 0  
A W F = W E 1 (J ) - W F C  
I F U W F . L T . 0 . 0 )  A W F = 0 . 0
R S ( J ) = S P C - ( W E 1 ( J ) - D M W ( J - l ) ) * A W F / F L O A T ( H )
I F (R S ( J ) . G T . W M C )  R S (J ) = W M C  
I F  ( R S ( J ) . L E . W F C )  R S  (J ) = W F C  
D M W ( J ) = W E I ( J ) +  D M W (J — I )— R S ( J )
I F (R S (J )  . L E . W F C )  D M W ( J ) = 0 * 0  
IF ( D M W ( J ) . L T . 0 . 0 )  C A L L  S Y S E R R  
A W A = W E 1 ( J )
W E I (J ) = W E 1 (J ) + D M W ( J - l ) - D M W ( j )
3 5  0 N = 0 N B * W E 1 ( J ) / W B  
W C = W E 1 (J )— W P  
A N = Q N B + D M N ( J - l )
D M N ( J ) = ( 0 N + W C * A N ) * D M W ( J ) / ( 2 * W E 1 ( J ) + W C * D M W ( J ) ) 
O N E  1 ( J ) = Q N B + D M N ( J - l ) - D M N ( J )
I F (O N E  1 ( J ) - Q N W P ) 4 0 , 1 0 1 , 1 0 1  
4 0  D M N ( J ) = D M N ( J ) - ( O N W P - O N E 1 ( J ) )
I F (D M N (J ) .L E . 0 . 0 ) DMN(J)=0.
O N E  1 ( J ) = O N W P
1 0 1  C O N T I N U E
C B E G I N  U P W A R D  R E D I S T R I B U T I O N  P R O C E S S
D O  6 0  J = 2 » N 
W M P  = R S (J )- W P  
IF  ( J . G T . 2 )  G O T O  1 0 2  
C U M ( 2 ) = S O W * W E 1 ( 2 )
V I Z = V I Z + C I J M (2 )
I F  ( ( V I Z - C U M ( 2 ) ) . G E . S O W )  C U M ( 2 ) = 0 . 0  
IF (W F 1 ( 2 ) * L T • W F C ) C U M ( 2 ) = 0 . 0  
WLU=WLU+CUM(2 )
W E 1 ( 2 ) = W F 1 ( 2 ) - C U M { 2)
W E 2 ( 2 ) = W E 1 ( 2 ) — W P  
G O  T O  6 0
1 0 2  W E 2 ( J— 1 ) = W E 1 ( J - l ) - W P  
W E 2 ( J ) = W E 1 (J ) - W P
C U M ( J ) = W E 2 ( J ) * ( 2 * W E 2 ( J ) - 2 * W E 2 ( J - 1 ) + C U M ( J - l ) )/(5 . 0 * W M P + W E 2 (J ) ) 
IF (CUM(J).LE.0.0) C U M (J )=0.0 
60 C O N T I N U E
C C O M P U T E  T H E  S O I L  M O I S T U R E  A N D  N I T R O G E N  S T A T U S  I N  L A Y E R  J A T  T H E  E N D
C O F  U P W A R D  R E D I S T R I B U T I O N  O F  S O I L  M O I S T U R E
O N E K N + l  ) = 0 . 0  
W F 1 ( N + 1 ) = 0  .0 
C U M (N + 1 ) = 0 . 0  
CUM { 2 ) = 0  . 0
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D O  6 5  J  =  2 , N  
W B = W E 1 ( J )
Q N B = Q N E 1 ( J )
Q N W P = Q N B * W P / W B  
W E  1 (J ) = W B + C U M ( J + l ) - C U M { J ) 
I F ( W E K J ) - W P )  7 0 , 7 5 , 7 5  
7 0  C U M ( J ) = C U M ( J ) - ( W P - W E 1 ( J ) )
I F ( C U M ( J ) . L E . O . O )  C U M ( J ) = 0 •
W E  1 ( J ) = W P  
G O T O  8 5
7 5  I F ( W E  1 ( J ) - R S ( J ) ) 8 5 , 8 5 , 8 0  
8 0  C U M ( J + l ) = C U M ( J + 1 ) - ( W E 1 ( J ) - R S ( J ) ) 
I F ( C U M ( J + l ) . L E . O . O ) C U M ( J + 1 ) = 0 .
W E I ( J  ) = R S ( J )
8 5  I F ( W B . L E . 0 . 0 0 1 )  G O T O  8 7  
U M N 1 = Q N B * C U M ( J ) / W B  
G O T O  8 8
8 7  U M N 1 = 0 . 0
8 8  I F ( W E  1 ( J + l ) . L E . 0 . 0 0 1 )  G O T O  9 0  
U M N 2  =  Q N E 1 ( J + 1 ) * C U M ( J + 1 ) / W E 1 ( J + 1 )  
G O T O  9 3
9 0  U M N 2 = 0 . 0
9 3  O N E  1 ( J ) = Q N B + U M N 2 - U M N 1
I F ( Q N E 1 ( J ) - Q N W P > 9 4 , 9 4 , 6 5
9 4  O N E  1 ( J ) = O N W P  
6 5  C O N T I N U E
Z W O ( N ) = Z W O ( N ) + D M W ( N )
Z N O ( N ) = Z N O ( N ) + D M N ( N )
1 5  C O N T I N U E  
R E T U R N  
E N D
S U B R O U T I N E  R O U N D S  ( T M )
C  T H I S  S U B R O U T I N E  R O U N D S  U P  T H E  S C A L E  F A C T O R
D I M E N S I O N  B C ( 3 0 ) , T M ( 2 )
D A T A  B C / 1 . 0 , 1 . 2 , 1 . 2 5 , 1 . 5 , 1 . 6 , 1 . 7 5 , 2 . 0 , 2 . 4 , 2 . 5 , 3 . 0 , 3 . 2 , 3 . 5 , 4 . 0 , 4 . 5 ,  
* 5 . 0 , 5 . 5 , 6 . 0 , 6 . 5 , 7 . 0 , 7 . 5 , 8 . 0 t 9 . 0 /
T M ( 1 ) = 0 . 0  
S = 0 . 0 1  
D O  1 0  J = 1 , 7  
D O  5 1 = 1 , 2 2
I F ( B C ( I ) * S . G E . T M ( 2 )  ) G 0 T 0 2 0  
5 C O N T I N U E
S = S * 1 0 . 0  
1 0  C O N T I N U E  
20 T M ( 2 ) = B C ( I ) * S  




C T H I S  P R O G R A M  G I V E S  T H E  P R I N T E R  P L O T S  O F  N I T R A T E  A N D  W A T E R  D I S T R I B U T I O N
C I N  T H E  S O I L  P R O F I L E
C  ( R E F E R  T A B L E  , F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
R E A L * 4  I A X
D I M E N S I O N  A L I N E ( 4 2 ) , B L I N E ( 3 2 ) , C L I N E ( 4 2 ) , T I T ( 7 0 ) , B I T ( 0 3 ) , A X A M ( 1 3 0 )  
D I M E N S I O N  O N ( 5 ) , 0 W ( 5)
C O M M O N / L 0 C 5 / 0 N E ( 1 2 5 , 4 2 ) , W E < 12 5 , 4 2 )
D A T A  B L K , S T A R , I A X , D A S H / '  • , ' * ' * ' I ' , ' - ' / , P L U S / ' + ' /
D A T A  B I T  / ' + ---- ' v '------ ' , • —  '/
DATA TI T / 8 * 4 H  ,'D',' ','E',' S ' P ' * '  N ' T ' , '  ','H',' ',2*' ','1 
1',' • , 'N ' , 3*' ' , 1 F 1 ,' 1,' E ' ,' ' , 'E ' , » ' , »T« , 2 0 *Z 4 0 4 0 4 0 4 0/
D O  2 3 1  I J = 1 , 4 2  
A L I N E ( I J  ) = B L K  
IF ( I J . G T . 3 2 )  C O N T I N U E  
B L I N E ( I J  ) = B L K
2 3 1  C O N T I N U E  
R E T U R N  
E N T R Y  P R L T 2 ( I , A X A M )
A M = 1  .0
K = ( A L 0 G 1 0 ( A X A M ( I ) ) - 2 . 0 ) / A L 0 G 1 0 ( 2 . 0 )
I F  ( A L 0 G 1 0 ( A X A M ( I ) ) . L T . 2 . 0 )  K = 0  
W R I T E ( 6 , 2 3 0 )
2 3 0  F O R M A T (' • / 2 X , • N E (J ) ' , 2 8 X , • N I T R O G E N  I N  T O N S / A C R E ' , 1 8 X , ' W E ( J ) ' , 2 5 X , 
1 ' W A T E R  I N  A C R E - I N C H ' / '  •)
D O  1 0  L = 1 , 5
0 N ( L ) = 0 . 0 2  5 * ( L - 1 ) * 2 * * ( K + 1 )
O W ( L ) = ( L - 1 ) * 0 . 2 0  
1 0  C O N T I N U E
W R I T E ( 6 , 1 )  ( 0 N ( L ) , L = 1 , 5 ) , ( O W ( L ) , L = 1 , 4 )
1 F O R M A T ( 1 6 X , 5 F 1 0 « 2 , 2 1 X , 4 F 1 0 * 1 )
W R I T E  ( 6  , 2 0 ) ( B I T , K B = 1 , 7 )
2 0  F O R M A T (2 3 X , 4 ( 2 A 4 , A 2 ) , 3 2 X , 3 ( 2 A 4 * A 2 ))
W R I T E  ( 6 , 4 0 )
4 0  F O R M A T ( ' + • , 6 2 X , • + • , 6 1 X , • + • )
D O  2 3 2  J = 2 , N  
A L I N F ( 2 ) = I A X  
B L I N E ( 1 ) = I A X
N P = (O N E ( I , J )  +  5 * 2 * * ( K  +  1 ) ) / ( 2 . 5 * 2 * *  ( K + l ) )
M P = (W E ( I ,J ) +0.04 )/0.02 
I F ( ( N P . G T . 4 2 ) . 0 R . ( M P . G T . 3 2 ) ) GOTO 232 
A L I N E (NP)=ST AR 
B L I N E (M P )=STAR 
A K = ( J - l  )/fl.O 
IF (AK.EO.AM) GO TO 233
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P R I N T  2 3 4 , O N E ( I » J >t T I T ( J )t A L  I N E » W E  ( If J ) t TI T ( J ) , B L  I N E
2 3 4 F O R M A T ( F 8 • 2 ♦ 7 X , A  1 * 6 X * 4 2 A 1 , F 1 5 . 3 , 8 X , A 1, 7 X , 3 2 A 1 )
G O T O  2 3 5
2 3 3 P R I N T  2 3 6 , Q N E ( I , J ) , T I T ( J ), A K , A L I N E ,  W E ( I » J ) , T I  T (J ) , A K , B L  I N E
2 3 6 F O R M A T ( F 8 • 2 , 7 X , A 1 , 2 X , F 4 . It 4 2  A 1, F 1 5  • 3 , 8 X , A 1 , 2 X , F 4 . 1 , 1 X , 3 2 A 1 )
W R I T E  ( 6 , 3 0 )
3 0 F O R M A T (■+ • , 2 2 X , •+  • , 7 1 X , » + « )
A M = A M + 1 . 0  
2 3 5  A L I N E (N P ) = B L K  
B L I N E ( M P )=  B L K
2 3 2  C O N T I N U E  
R E T U R N  
E N D
S U B R O U T I N E  P L S Y M B  ( X C O , Y C O , T X , T Y , N P , S Z , I S M B , J U M P )
C  T H I S  S U B R O U T I N E  P L O T S  S Y M B O L S  A T  G I V E N  C O O R D I N A T E  P O I N T S
C N P =  T O T A L  N U M B E R  O F  P O I N T S  T O  B E  P L O T T E D ;  S Z =  S I Z E  O F  T H E  S Y M B O L
C  I S Y M B =  T Y P E  O F  S Y M B O L ;  J U M P =  J U M P  F A C T O R
D I M E N S I O N  X C O ( N P ) , Y C O ( N P ) » T X ( 2 ) , T Y ( 2 )
I S U M = J U M P
D O  1 0  J = 1 , N P
X C O < J ) = X C O ( J ) / T X ( 2 )
Y C O (J ) =  Y C 0 ( J ) / T Y ( 2 )
I F  ( J . N E . I S U M )  G O T O  1 0
C A L L  C C P 2 S Y ( X C 0 ( J ) , Y C 0 ( J ) , S Z , I  S M B , 0 . 0 , - 1 )  
I SIJM= I S U M  + J U M P  
1 0  C O N T I N U E
D O  2 0  J = 1 , N P  
X C O ( J ) = X C O ( J ) * T X ( 2 )
Y C 0 ( J ) = Y C 0 ( J ) * T Y ( 2 )
2 0  C O N T I N U E  
R E T U R N  
E N D
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SUBROUTINE PLTHGM(WAU , NODAT,DASH,BLK)
C T H I S  S U B R O U T I N E  P L O T S  S O L I D  L I N E  O R  D A S H - D A S H  L I N E  H I S T O G R A M S  O N
C  A C A L C O M P  P L O T T E R  W A U ( I )  * V A L U E  O F  Y C O O R D I N A T E ;  D A S H  = L E N G T H  O F
C D A S H  L I N E ;  BL  = L E N G T H  O F  B L A N K  L I N F ;  N O D A T  * T O T A L  N O .  O F  P O I N T S  T O  B E
C P L O T T E D ;  I U ( I )  * V A L U E  O F  X C O O R D I N A T E  T A K E N  A T  T H E  C E N T R F  O F  1 - 1  A N D  I;
C I V C I )= V A L U E  O F  X C O O R D I N A T E  T A K E N  A T  T H E  C E N T R F  O F  I A N D  1 + 1.
D I M E N S I O N  W A U  ( N O D A T )
R E A L * 4  M U , I V , I Z , I U , L W D , N R E , I R R , M S C , I A X  
C O M M O N / L 0 C 6 / I U ( 1 3 0 ) , I V ( 1 3 0 )
W A U ( 1 ) = 0 . 0  
D O  40 1 = 2 , N O D A T  
IF  ( B L K . G T . O . O )  G O T O  5 
C A L L  C C P 1 P L ( I U ( I ) , W A U ( 1 - 1 ) , 3 )
C A L L  C C P 1 P L ( I U ( I ) , W A U ( I ) , 2 )
C A L L  C C P  1 P L ( I V ( I ), W A U ( I ) , 2 )
G O T O  4 0
5 S U M = W A U ( I — 1)
B L = B L K
D S = D A S H
Y C O = A R S (W A U ( I )— W A U ( 1 - 1 ) )
7 0  C A L L  C C P 1 P L ( I U ( I ) , W A U ( 1 - 1 ) , 3 )
I F ( W A U ( I ) . L T . W A U ( 1 - 1 ) )  G O T O  1 0  
G O T O  15
10  B L  = - B L  
D S = - D S
1 5  S U M = S U M + D S
Z D = A R S ( S U M - W A U ( 1 - 1 ) )
9 0  I F ( ( Y C O - Z D ) . L T . ( A B S ( D S ) )) G O T O  3 0  
C A L L  C C P 1 P L ( I U ( I ) , S U M , 2 )
S U M = S l  I M + B L
Z D = A B S ( S U M - W A U ( 1 - 1 ) )
1 1 0  I F  ( ( Y C O - Z D ) . L T . (A R S (B L ))) G O T O  2 5  
C A L L  C C P 1 P L ( I U ( I ) ,SUM,3)
G O T O  15
2 5  C A L L  C C P 1 P H I U ( I ) , W A U ( I ) , 3 )
G O T O  3 5
3 0  C A L L  C C P 1 P L ( I U ( I ) , W A U ( I ) , 2)
3 5  C A L L  C C P 1 P L ( I V ( I ) , W A U ( I ) , 2 )







SUB R O U T I N E  VERTPL ( N , A X A M , M M A X , I N , P H D , P N 0 )
T H I S  S U B R O U T I N E  G I V E S  C A L C O M P  P L O T S  O F  N I T R A T E  D I S T R I B U T I O N S  I N  T H E  
S O I L  P R O F I L E  A T  T H E  E N D  O F  E V E R Y  I N C H  O F  ( S U R F A C E )  W A T E R  I N P U T .  
( F O U R  D I S T R I B U T I O N S  P E R  P L O T )
C ( R E F E R  T A B L E  , F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
D I M E N S I O N  I N ( 5 0 ) , A X A M ( 1 3 0 ) , A V E ( 0 4 0 , 5 0 ) , A V P ( 0 2 ) , D T ( 5 0 ) , T A ( 2 ) , T B ( 2 )  
1 , X 0 0 (  5 0 ) , A V M ( 4 5 ) , P H D ( 5 0 ) , W N ( 5 0 ) , W E N ( 5 0 ) , T W ( 2 ) , D P ( 0 2 ) , P N O ( 5 0 )
R E A L * 4  M U , I V , I Z , I U , L W D , N R E , I R R , M S C , I A X  
C 0 M M n N / L 0 C 5 / 0 N E ( 1 2 5 , 4 2 ) » W E ( 1 2 5 , 4 2 )
C 0 M M 0 N / L 0 C 6 / I U ( 1 3 0 ) , I V ( 1 3 0 )
C 0 M M 0 N / L 0 C 8 / X C O ( 8 ) , Y C O ( 8 ) , T A X ( 8 ) , D S L ( 8 ) , B L ( 8 ) , C H Z ( 8 )
E Q U I V A L E N C E  ( I V ( 5 1 ) , D T ( 1 ) ) ,  ( I U ( 1 ) , W E N ( 1 ) )
* , (  1 1 1 ( 5 1 ) , W N ( 1 )  )
W N ( 1 ) = 0 . 0  
B M = 1 0 .
T W ( 1 ) = 0 . 0  
T W ( 2 ) - 0 * 1 2  
I M O *  1 
D T (1)=0*0 
T A ( 1 ) = 0 . 0  
- T B ( 1 ) = 0 . 0  
T B ( 2 ) = 8  # 0  
D O  3  M = I , M M A X  
X O O ( M ) = 0 . 0
3 C O N T I N U E
I C = 4
X C P = A X A M ( I N ( 1 ) )
N M I N = N - 1
C A L L  C C P l P L ( 9 . 5 , 6 . 0 , - 3 )
D O  1 0  M = 1 , M M A X  
I F ( A X A M ( I N ( M ) ) . G E . X C P )
1 X C P - A X A M ( I N ( M ))
7 A V E ( M , 1 ) * 0 . 0
A V E ( M , 2 ) = 0 N E ( I N ( M ) , 2 )
I F ( ( M - I C ) . E Q . O )  G O  T O  2 0  
G O  T O  1 0
2 0  I F ( X C P .  E Q . 9 . 0 ) G O T O  1 9  
C A L L  C C P 1 P L ( 0 . 0 , - 5 . 0 , 2 )
C A L L  C C P 2 S Y  ( - 0 . 4 5 , - 3 . , 0 . 1 5 , • D E P T H  I N  F E E T * , 9 0 . 0 , 1 3 )
C
C A L L  C C P 2 S Y  ( 2 . 6 , - 5 . 6 , 0 . 1 0 , ' C A S E  B ' , 0 . 0 , 8 )
C A L L  C C P 2 S Y ( 0 . 0 , - 6 . 0 , . 0 8 , ' F I G U R E  : D I S T R I B U T I O N  O F  W A T E R  A N D  N 
T I T R A T E  I N  T H E  S O I L  P R O F I L E  A T  T H E ' , 0 . 0 , 7 3 )
C A L L  C C P 2 S Y ( 0 . 7 , - 6 . 2 7 5 , . 0 8 , ' E N D  O F  N  D A Y S  F O R  D I F F E R E N T  A M O U N T S  O F
* S U R F A C E  W A T E R  I N P U T ' , 0 . 0 , 5 8 )
C A L L  C C P 5 A X  ( 0 . 0 , 0 . 5 , ' W A T E R  I N  I N C H E S  ' , 2 8 , 5 . 0 , . 0 , T W )
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C A L L  C C P 2 S Y  ( 2 . 7 5 , 0 . 7 8 * 0 . 1 0 , • ( W I T H  0  S Y M B O L S ) • , 0 . 0 , 1 8 )  
C A L L  C C P H L N t 8 )
C A L L  C C P 2 S Y  < 2 . 8 , - 6 . 5 2 * 0 . 1 , • -------- * * 0 . 0 * 5 )
C A L L  C C P 3 N R ( 0 » 5 5 * — 6 . 0 * 0 » 0 8 , B M * 0 . 0 , — 1)
D A T A  X A * Y A * X A D * Y A D * X B / 1 . 2 7 , - 6 . 5 5 , 2 . l 3 * - 0 . 2 7 5 * 1 . 5 7 /
X A = 1  . 2 7  
Y A = - 6 . 5 5  
X B = 1 . 5 7  
A O R G = X A  
B O R G =  X B  
M M = M - 3  
D O  9  K = M M , M
C A L L  C C P 3 N R ( X A t Y A , . 0 7 , P H D ( K ) , 0 . 0 , 1 )
C A L L  C C P 2 S Y ( X B , Y A , . 0 7 * * I N ; ' , 0 . 0 , 3 )
C A L L  C C P 3 N R  ( C X B + O . 3 8 ) , Y A , 0 . 0 7 , P N O ( K ) , 0 . 0 , - l )
C A L L  C C P 2 S Y  ( ( X B + 0 . 3 0 ) , Y A , 0 . 0 7 , '( D A Y S )  S O . 0 , 1 2 )
X A = X A + X A D
X B = X B + X A D
I F ( ( K - M M ) . E O . 1) G O T O  4  
G O T O  9
4  X A = A O R G
X B = B O R G  
Y A = Y A + Y A D
9  C O N T I N U E
D O  8 J K * 1 , 6  
Y 0 0 = - (J K - 1 )
X A X = J K — 1 
X I N T = 0 . 1 * ( J K - 1 )
C A L L  C C P 2 S Y ( 0 . 0 , Y 0 0 , 0 . 1 , 2 4 , 0 . 0 , - 1 )
C A L L  C C P 3 N R ( - 0 * 3 5 , Y 0 0 , 0 . 1 , — Y 0 0 , 0 . 0 * 1 )
8 C O N T I N U E
X O O ( 2 ) = X C P * 1 . 1 0  
A N P = 4 . 0
I F ( X 0 0 ( 2 ) . G T . 7 0 0 . 0 )  A N P « 7 . 0  
I F ( X 0 0 ( 2 ) . G T . 9 0 0 . 0 )  A N P = 8 . 0  
C A L L  C C P 4 S C ( X O O , A N P , M M A X , 1 , T A )
C A L L  R O U N D S ( T A )
C A L L  C C P 5 A X ( 0 . 0 , 0 . 0 , ' N I T R A T E  I N  L B S  ', 1 5 , 5 . 0 , 0 . 0 , T A )
I M 0 = I M O + 1  
M 2 = M M A X - I C * I M 0  
M I = M - 3
D O  1 2  K = M I , I C  
K O = K - I C + 4
W E ( I N (K ) , N + 1 )=  W E ( I N ( K ) , N )
O N E  ( I N  ( K  ) , N + l  ) ss O N E  ( I N ( K ) , N  )
D O  1 4  J = 3 , N
W N  ( J ) = ( W E ( I N ( K ) . , J - 1 )  +  W E ( I N ( K ) , J + 1 ) + 2 *  W E  ( I N  (K  ) , J ) ) / 4 .  0  
A V E ( K , J ) = ( Q N E ( I N ( K ) , J - 1 ) + 0 N E ( I N ( K ) , J + 1 ) + 2 * Q N E ( I N ( K ) , J ) ) / 4 . 0
1 4  C O N T I N U E
A V F ( K , 2  ) = O N E ( I N (K ) , 2 )
W N ( 2 ) = W E ( I N ( K ) , 2 )
D O  2 5  J = 1 , N M I N  
A V M ( J ) = A V E ( K , J + l )
W F N ( J ) = W N ( J + l )
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D T ( J ) = - J + 1 . 0
2 5  C O N T I N U E
G O  T O  ( 1 1 , 1 6 , 1 7 , 1 8 ) , K O
1 1  C A L L  C C P 6 L I  ( A V M , D T , 4 0 , 1 , T A , T B )
C A L L  C C P 6 L I  ( W E N , D T , 4 0 , l , T W t T B )
C A L L  P L S Y M B ( W E N , D T f T W , T B , 4 0 , 0 . 0 5 , l , 8 )  
G O T O  1 2
1 6  I F ( M 2 . L T . 3 )  G O T O  2 1
C A L L  C C P 6 L I ( A V M , D T , 4 0 , 1 , T A , T B , 0 , 0 5 0 )  
C A L L  C C P 6 L I ( W E N , D T , 4 0 , 1 , T W , T B , 0 . 0 5 0 )  
C A L L  P L S Y M B  ( W E N * D T , T W , T B , 4 0 , 0 . 0 5 , 1 , 8 )  
G O T O  1 2
2 1  C A L L  C C D D P ( A V M , D T , T A , T B , N M I N )
C A L L  C C D D P ( W E N , D T , T W , T B , N M I N )
C A L L  P L S Y M B  ( W E N , D T , T W , T B , 4 0 , 0 . 0 5 , 1 , 8 )
G O  T O  1 2
1 7  C A L L  C C P 6 L I ( A V M , D T , 4 0 , 1 , T A , T B , 0 . 0 1 5 )  
C A L L  C C P 6 L I ( W E N , D T , 4 0 , 1 , T W , T B , 0 . 0 1 5 )  
C A L L  P L S Y M B  ( W E N , D T , T W , T B , 4 0 , 0 . 0 5 , 1 , 8 )  
G O  T O  1 2
C A L L  C C P 6 L I ( A V M , D T , 4 0 , 1 , T A , T B , 0 . 0 3 )  
C A L L  C C P 6 L I ( W E N , D T , 4 0 , 1 , T W , T B , 0 . 0 3 )  
C A L L  P L S Y M B  (W E N , D T , T W , T B , 4 0 , 0 . 0 5 , 1 , 8 )
1 2  C O N T I N U E  
1 9  I C =  IC + 4
X C P = A X A M ( I N ( I C  — 3 ) )
C A L L  C C P l P L ( 9 . 5 , 0 . 0 , - 3 )
1 0  C O N T I N U E  
R E T U R N  
E N D
S U B R O U T I N E  C C D D P  ( A X , Y A U , T X , T Y , N O D A T )
C  T H I S  P R O G R A M  G I V E S  A D A S H - D O T - D A S H  P L O T  O N  A C A L C O M P  P L O T T E R
C  ( R E F E R  T A B L E  , F O R  D E F I N I T I O N  O F  V A R I A B L E S  I N  T H E  P R O G R A M )
D I M E N S I O N  B D E L X ( 0 5 0 , 5 0 ) , B D E L Y ( 0 5 0 , 5 0 ) , Y A U ( 0 5 0 )
D I M E N S I O N  A X ( 0 5 0 ) , T X ( 2 ) , T Y ( 2 )
R E A L * 4  M U , I V , I Z , I U , L W D , N R E , I R R , M S C , I A X  
C O M M O N / L O C 6 / I U ( 1 3 0 ) , I V ( 1 3 0 )
N E M 0 = M 0 D A T - 1
S U M G Z = 0 .
S U M E Z = 0 .
A M 0 D = 0 •
B M n D = 0 •
120
1 0 5 0 1
10
1 0 3 0
3 0
20
8 0 2 0









1 0 4 0
1 4 1 0
1 4 2 0
1 4 6 0
C M D D = 0 .
D O  1 0  1 = 1 , N O D A T  
A X ( I ) = A X ( I ) / T X ( 2 )
Y A U (  I ) = Y A U ( I ) / T Y ( 2 )
C O N T I N U E
D O  8 0 1 0  K 0 =  1 , N E M O  
D O  8 0 2 0  I - 1 , N O D A T  
I F ( ( I - K O ) . L E . O )  G O  T O  8 0 2 0  
B D E N O M = ( ( A X { I ) - A X ( I - K O ) ) * * 2 + ( Y A U ( I ) - Y A U ( I - K O ) ) * * 2 ) * * 0 . 5  
I F ( B D E N O M . G T . O . O )  G O T O  3 0  
B D E L X ( I , K 0 ) = 0 .
B D E L Y ( I , K 0 ) = 0 #
G O T O  8 0 2 0
B D E L Y ( I , K 0 ) = (Y A U ( I )- Y A U ( I - K O ) ) / B D E N O M  
B D E L X ( I , K 0 ) = ( A X ( I ) - A X ( I - K O ) ) / B D E N O M  
C O N T I N U E  
C O N T I N U E  
K 0 =  1 
N 0 = 2  
D O  7 9  I - 2 , N O D A T
I F  ( B D E L Y ( I » K 0 ) « N E « 0 . 0 )  G O T O  3 7  
B D E N 0 M * 0 . 0  
G O T O  3 8
B D E N O M = ( Y A U ( I ) - Y A U ( I - K O ) ) / B D E L Y ( I , K 0 )
I F ( C M O D . E Q . O . O )  G O  T O  8 7 9  
I F (C M O D . G T * 0 * 1 0 )  G O  T O  3 2 8  
S N O W = B D E N O M  - C M O D - 0 . 0 5
G O  T O  9 8 7  
W R I T E ( 6 , 9 )  C M O D  
F 0 R M A T ( 2 X , F 6 . 3 )
C M 0 D = 0 .
S N O W = B D E N O M  - A M O D - B M O D - C M O D
I F  ( S N O W  . G E . 0 . 2 )  G O  T O  1 0 4 0  
K O = K O + 1
I F ( K O . L E . N E M O )  G O T O  7 9  '
W R I T E  ( 6 , 2 )  K O r l
F O R M A T  (' * *  K O ,  I ---- > ' ,  2 1 5 )
G O  T O  7 9  
B X = B D E L X ( I , K 0 )
B Y = B D E L Y ( I , K 0 )
B0t) = S N 0 W / 0 , 2  
N B = B O D
I F ( A M 0 D ) 1 4 1 0 f 1 4 1 0 , 1 4 3 0
I F ( B M O D ) 1 4 2 0 , 1 4 2 0 , 1 4 4 0
I F ( C M O D ) 1 4 3 0 , 1 4 3 0 , 1 4 6 0
G D F L X = C M O D * B X
G D F L  Y = C M O D * B Y
S U M X Z = A X ( I — K O ) + G D E L X
S U M Y Z  = Y A U ( I - K O )+ G D E L Y
C A L L  C C P 1 P L ( A X ( I - K O ) , Y A U ( I - K O ) , 3 )
C A L L  C C P 1 P L ( S U M X Z , S U M Y Z , 2 )
B M H D = 0 . 0 5 + C M 0 D  
G O  T O  1 4 4 0
1 4 3 0  C D E L X = A M 0 D * B X  
C D E L Y = A M 0 D * B Y
S U M E Z = S U M E Z + A X ( I - K O ) + C D E L X  
S U M G Z = S U M G Z + Y A U ( I  - K O l + C D E L Y  
D O  1 3 3 0  N A = 1 , N B  
C A L L  C C P 1 P L ( S U M E Z , S U M G Z  , 3) 
S U M E Z = S U M E Z + 0 . 1 0 * B X  
S U M G Z = S U M G Z + 0 . 1 0 * B Y  
C A L L  C C P 1 P H  S U M E Z  * S U M G Z  , 2) 
S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y  
C A L L  C C P 2 S Y ( S U M E Z t S U M G Z  , 0 . 0 5 , 7 5 , 0 . 0 , - l )  
S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y  
1 3 3 0  C O N T I N U E  
1 3 2 0  E N 0 D = S N 0 W - 0 . 2 * N B
I F  ( E N O D . E O . O . O )  G O  T O  B 0 3  
I F ( E N 0 D . G T . 0 . 1 5 )  G O  T O  1 2 7 0  
IF  ( E N O D . G T . O . l )  G O T O  1 2 8 0  
1 9 2 0  C A L L  C C P 1 P L  ( S U M E Z , S U M G Z , 3 )
C M 0 D = 0 • 1 - E N O D  
B M 0 D = 0 •
A M O D = 0 .
S U M E Z = S U M F Z + ( 0 . 1 - C M U D )* B X  
S U M G Z = S U M G Z + ( 0 • 1 — C M O D )* B Y  
C A L L  C C P 1 P L  ( S U M E Z , S U M G Z , 2)
G O  T O  7 3
1 2 7 0  C A L L  C C P 1 P L ( S U M E Z  , S U M G Z  , 3) 
S U M E Z = S U M E Z + 0 . 1 0 * B X  
S U M G Z = S U M G Z + 0 . 1 0 * B Y  
C A L L  C C P 1 P L ( S U M E Z , S U M G Z , 2) 
S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y  
C A L L  C C P 2 S Y ( S U M E Z , S U M G Z , 0 . 0 5 , 7 5 , 0 . 0 , - 1  ) 
1 4 7 0  A M O D = 0 . 2 0 - E N 0 D  
B M 0 D = 0 .
C M 0 D = 0 .
G O  T O  7 3
1 2 8 0  C A L L  C C P 1 P L ( S U M E Z , S U M G Z ,3) 
S U M E Z = S U M E Z + 0 . 1 0 * B X  
S U M G Z = S U M G Z + 0 • 1 0 * B Y  
C A L L  C C P 1 P L ( S U M E Z , S U M G Z , 2)
B M G D = 0 • 1 5 - E N O D  
A M 0 D = 0 .
C M 0 0 = 0 .
G O  T O  7 3  
1 4 4 0  D D E L X = B M O D * B X  
D D E L Y = B M O D * B Y
S U M E Z = S U M E Z + A X ( I  - K O )+ D D E L  X 
S U M G Z = S U M G Z + Y A U ( I - K O )+ D D E L Y  
D O  1 4 8 0  N A = 1 , N B
C A L L  C C P 2 S Y ( S U M E Z , S U M G Z , 0 . 0 5 , 7 5 , 0 . 0 , - 1 )  
S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y
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C A L L  C C P 1 P L ( S U M E Z  t S U M G Z  , 3 )  
S U M E Z * S U M E Z + 0 . 1 0 * B X  
S U M G Z = S U M G Z + 0 . 1 0 * B Y  
C A L L  C C P 1 P L ( S U M E Z , S U M G Z , 2 )  
S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y  
1 4 8 0  C O N T I N U E
C A L L  C C P 2 S Y ( S U M E Z , S U M G Z , 0 . 0 5 , 7 5 , 0 . 0 , - 1 )  
E N O D = S N O W - O . 2 * N B  
I F ( E N O D . G T . 0 . 1 5 )  G O  T O  1 7 1 0  
I F ( E N O D . G T . 0 . 0 5 )  G O  T O  1 7 2 0  
A M 0 D = 0 . 0 5 — E N O D  
B M O D ^ O .
C M D D = 0 .
G O  T O  7 3  
1 7 1 0  S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z = S U M G Z + 0 . 0 5 * B Y  
E N O D - S N O W - O . 2 0 * N B - 0 . 0 5  
G O  T O  1 2 8 0  
1 7 2 0  S U M E Z = S U M E Z + 0 . 0 5 * B X  
S U M G Z - S U M G Z + O . 0 5 * B Y  
E N 0 D = S N 0 W - 0 . 2 0 * N B - 0 . 0 5  
G O  T O  1 9 2 0  
8 0 3  A M O D = 0 .
B M 0 D = 0 .
C M 0 D = 0 .
7 3  S U M E Z  = 0 •
S U M G Z = 0 .
N  A = 0  •
K 0 =  1 
7 9  C O N T I N U E
D O  7 1 = 1 , N O D A T  
A X { I ) = A X ( I )* T X ( 2 )
Y A U ( I ) = Y A U ( I )* T Y ( 2 )
7  C O N T I N U E
R E T U R N  
E N D
